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Abstract

Biophysical Characterization of
Ribosome Nascent Chain Energy Landscapes

By
Avi Jacob Samelson
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Susan Marqusee, Chair

Protein folding is necessary for proper cellular and organismal function. The disruption
of accurate protein folding is highly detrimental to numerous cellular processes and can
lead to cell death and disease. A major protein homeostasis node in the cell is the
ribosome, which interacts with a number of quality control factors that help guarantee
protein folding fidelity. For many years, co-translational folding has been investigated
mainly within the context of cellular proteostasis and quality control. Unfortunately, how
the ribosome and translational machinery modulates the nascent chain itself has, for the
most part, remained a mystery. It is essential to understand how translation changes a
protein’s energy landscape during translation in order to understand how folding fidelity
can be guaranteed in vivo. Here, | introduce new methods for studying the folding
thermodynamics and kinetics of stalled nascent chains and pioneer a new assay for
studying folding kinetics during translation in real-time. In addition, | characterize the
folding landscape of the protein HaloTag and determine that the process of translation
itself increases HaloTag’s folding efficiency by modulating its folding trajectory. The
methods developed herein, as well as novel observations about the biophysical
properties of nascent chains reported here, pave the way for understanding protein
folding in vivo.
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Chapter 1
Introduction: Protein folding in vivo and in vitro

1.1 Protein folding in vivo and in vitro

Proteins perform the majority of the chemistry necessary for life on earth and play
diverse roles in the cell, from making up the cell’s cytoskeleton to being the principal
catalysts for energy generation. Proteins are the primary catalysts for DNA replication,
signal transduction and cellular metabolism. Most proteins need to adopt a specific
three-dimensional structure in order to carry out these diverse functions and modulating
protein function by targeting specific aspects of their structure is a specific goal and
challenge of modern medicine. In order to understand and predict how the interplay of
proteins and their functions constitute, with other biomolecules, the function of a cell,
much less an organism, we require rigorous quantitative descriptions of a protein’s
conformation and behavior. This description is often referred to as a protein’s energy
landscape. Most energy landscapes are depicted as funnel shaped' (Figure 1.1), as
most proteins fold from a high energy, heterogeneous unfolded ensemble to a lower
energy native state. It is within this native-well that most proteins function.

Anfinsen? demonstrated that a protein’s entire energy landscape can be encoded
by the information in its primary sequence in 1959. Since then, there has been
incredible progress made to understand protein folding from a physical point of view.
Historically, these types of protein folding experiments are done in conditions suited for
protein spectroscopic methods, such as circular dichroism, fluorescence, and NMR.
Thus, most experiments that seek to understand folding by measuring proteins’ physical
chemical properties have been performed in vitro under conditions which often do not
recapitulate those in vivo. In addition, the target proteins for these studies must
“behave” properly during those experiments, limiting the number of proteins that can be
studied. Despite these disadvantages, we have learned a huge amount about protein
folding and the results have played a large role in informing general protein function as
well as providing useful information for understanding protein folding simulation and
theory. Simulation, too, has similar restrictions (such as protein size and simulation
time) and the subset of proteins studied is not totally representative of those in the cell
at any given time. Still, folding experiments and simulations have realized many
general, quantitative principles that are necessary for understanding the inner workings
of the cell.

In the cell, proteins undergo a lifecycle: they are synthesized by the ribosome, fold
either during translation or after release, are subsequently released into their functional
environment, and finally can be degraded by the cell’s proteolytic machinery. There is
always the danger, however, of protein misfolding. Buildup of misfolded products can
lead to the overwhelming of cellular quality control machinery, which in turn feeds back
into the regulation of protein synthesis, maturation, folding and degradation. The
presence of protein misfolding and the misregulation of the proteostatic machinery is a
hallmark of certain degenerative diseases, such as Alzheimer’s and ALS, and amyloids
are known to be causative agents for many human diseases®*. Understanding the
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physical chemistry of proteins during their cellular life cycle (whether in vivo or in
reconstituted systems) will allow scientists to better predict protein structures from
sequence, what and by what mechanism mutation causes disease, and understand the
physical basis for cellular and organismal function.

1.2 in vivo biophysical studies have revealed that kinetic folding processes are
more likely to be altered than those at equilibrium

In the past 15 years, a few groups have begun the challenge of measuring
physical properties of proteins in vivo. The cellular environment differs greatly than
those in most traditional in vitro folding experiments: protein concentrations in the cell
are higher than 300g/L and so macromolecular crowding may change how a protein
behaves versus in vitro®. In addition, protein chaperones are constantly surveilling the
proteome in order to minimize misfolding and recruit misfolded proteins for degradation.
There is some disagreement, however, about how the properties of proteins change in
vivo. Early studies using hydrogen exchange mass spectrometry (HX-MS) showed a
very slight increase in the stability of the lambda repressor N-terminal domain in live
cells® versus lysate or in vitro. These studies subject cells to high concentrations of urea
during the pulse and so actions due to chaperones and molecular crowding may be
different than in intact cells in a more osmotically favorable environment. In-cell NMR
studies of SH3 domain and temperature-jump FRET studies of yeast-phospho-glycerate
kinase (PGK)®® both reveal a slight increase in in vivo stability similar to those studies
using HX-MS. In cell NMR reveals that this increase is recapitulated only by crowded
solutions of charged molecules, contrary to earlier in vitro studies suggestion that large,
neutral crowders are good model systems for cytoplasmic crowding. The
aforementioned PGK studies do observe both slower folding and a decrease in
apparent cooperativity in-cells compared to experiments undertaken in vitro. In
contrast, the stability of an engineered protein containing a FIAsH-tag (which binds
biarsenical flouresceine) was measured in vivo. These experiments, again, were
performed by subjecting E. coli cells to different concentrations of urea and reading out
the fluorescence intensity at each concentration. The investigators observed a
significant decrease in the protein’s in vivo stability’. Further experiments undertaken
on a different yeast-PGK system than mentioned above, but by the same group,
showed a significant increase in PGK stability but also more rapid folding in vivo'®. A
caveat of these experiments is that PGK substrate concentrations are at or near their
Km in the cell and not in the in vitro experiments performed by those groups,''and the
protein is not necessarily sampling its unfolded state but more likely a smaller
conformational change that leads to loss of FRET. It seems that, at first approximation,
proteins have similar physical properties (stability and folding/unfolding rates) in vivo
and in vitro and that how proteins respond to in vivo versus in vitro conditions will be
dependent on the protein itself. There are still many more experiments to be done in
order to understand how the environment in vivo changes the physical properties of
proteins. Furthermore, it is unclear from these studies above how a protein’s synthesis,
remodeling and modification affect its in vivo properties.
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1.3 Nascent chains are under heavy proteostatic surveillance and there are
specific ribosome-associated chaperones that are necessary for cell-survival and
function

Most traditional protein-folding experiments are conducted by unfolding a protein
using a denaturant (such as urea, guanidine, temperature or force) and then refolding
the protein by dilution. The result of this is that the protein has its entire sequence
available for refolding, a situation which may not exist during protein synthesis. Proteins
are translated between 2 (eukaryotes) and 10 (prokaryotes) amino acids per
second'®'®. This allows ample time for conformational rearrangements during
translation in situations where much of the protein either is occluded (by the ribosome
exit tunnel) or not yet synthesized. It is not unreasonable to suggest that these
rearrangements may change the folding trajectory of the protein. Protein chaperones
fulfill a similar role in the cell by actively remodeling proteins, binding to regions in order
to occlude the rest of the sequence during folding, or providing a folding surface that
would otherwise be unavailable. It is estimated that about thirty percent of the proteome
in E. coli requires protein chaperones in order to fold'*. Translation and chaperone
action are extensively remodeled during cellular stress, highlighting the important role
that both processes play in contributing to cellular proteostasis'®™'”. A hallmark of the
proteotoxic stress response in cells is translational pausing and ribosomal stalling as
well as changes in chaperone distribution to actively translating ribosomes'®'®. One
example of this is that translational stalling is mediated by the absence of ribosome-
associated chaperones. These chaperones leave the ribosome in response to large
numbers of misfolded proteins in the cytosol due to proteotoxic stress (such as
temperature or reducing agents). Furthermore, several experiments have shown that
inhibiting translation can hinder the formation of toxic aggregates'’. Indeed, the
misregulation of translation and chaperones can contribute to agingm‘20 and the
ribosome is a regulatory hub for dealing with proteotoxic stress®'. It is worth
understanding the roles of ribosome-associated chaperones and their mechanisms of
action as they may also give hints into how folding occurs during translation.

The eukaryotic quality control machinery is made up of three chaperone containing
complexes: the Ribosome-Associated Complex (RAC), the Nascent polypeptide-
Associated Complex (NAC) and the Ribosome Quality Control Complex (RQC). The
RQC recognizes stalled 80S ribosomes and tags them for nascent chain degradation
and ribosome recycling using a novel mechanism involving non-template mediated
peptidyl-transfer (so called CAT-tails)?*2%, Failure of RQC machinery can cause
aggregation and proteotoxicity*.

RAC is the most well-characterized of the three eukaryotic ribosome associated
quality control complexes and is a dimer composed of an HSP70 homologue and a J-
domain protein. Generally, J-proteins provide specificity to HSP70-type chaperones.
Surprisingly, RAC does not make contact with the nascent chain but instead controls
the substrate specificity of another Hsp70 protein called SSB. The role of HSP70s in
protein folding and remodeling is extensively characterized®?® and SSB plays a similar

3



role as classic HSP70s, but specifically at the site of protein synthesis. RAC also
stabilizes specific conformations of the ribosome itself, lending support to the idea that
the ribosome also can take an active role in modulating protein folding®’.

NAC, on the other hand, has a more mysterious function but it is known to occupy
the same ribosomal binding site as the signal recognizition particle (SRP) and thus
deficiencies in NAC can lead to widespread proteotoxic effects due to mis-targeting of
proteins not meant for the endoplasmic reticulum. NAC knock-outs are lethal in mice,
flies and worms but not in yeast?®®. NAC is thought to function similarly to the
prokaryotic chaperone trigger factor (TF), which binds nascent chains so folding may
proceed only after enough sequence has been synthesized?®.

While E. coli (and other prokaryotes) has many nascent chain modifying enzymes
(such as methionyl-aminopeptidase), the repertoire of chaperones that are known to
engage with nascent chains is limited primarily to Trigger Factor (TF)?°. TF is an ATP-
independent chaperone composed of three domains: (1) a peptidyl-proline isomerase
(PPI) domain; (2) a chaperone domain and (3) a ribosome binding domain (Figure 1.2).
It engages nascent chains after about 100 amino acids have been translated (60 amino
acids outside of the ribosome exit tunnel) and promiscuously interacts with much of the
cytoplasmic proteome®. TF engagement, however, is highly enriched for certain
proteins classes, especially for outer membrane proteins as well as B-barrels®*. TF
primarily ensures nascent chain folding fidelity by binding the nascent chain and holding
it in a non-native, unfolded-like conformation and nascent chain folding within the
ribosome exit tunnel can affect TF recruitment®’. TF-bound nascent chains are more
susceptible to proteolysis and the force exerted by TF-bound nascent chain folding is
reduced®*®. Single molecule studies of MBP in the presence and absence of TF reveal
that TF stabilizes heterogeneous intermediate-like structures® and helps prevent
aggregation of MBP truncations. This is emblematic of an emergent theme of co-
translational protein folding: it is important that intramolecular nascent chain interactions
do not result in permanent misfolds before the entire sequence of the nascent protein or
domain emerges from the ribosome. Protein chaperones at the ribosome clearly play
an important role in the folding of cellular proteins. Nevertheless, it is clear that the vast
majority of proteins made by the cell do not require chaperone activity in order to reach
their native state. If this is true, however, why is it so difficult to express native proteins
recombinantly in different organisms? Why are some proteins able to be expressed
recombinantly, but not able to refold even if they do not require chaperone activity in the
first place? Obviously, translation and chaperones are different in different organisms
and there are many factors that work in concert to answer these questionssS. It is clear,
however, that the ribosome can change a protein’s folding efficiency by simply
occluding un-synthesized sequence from the exposed nascent chain (Figure 1.3).

1.4 Co-translational folding modulates folding efficiency
Since Anfinsen’s original experiments, scientists have wondered how the protein

synthesis process could change protein folding. A few studies have been performed
with protein fragments to mimic the effect of the nascent chain emerging from the
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ribosome, but it is difficult to resolve whether these fragment studies recapitulate the
vectorial translation proce3536'37. Several landmark studies, however, have shown that
translation does modulate the folding efficiency and rate of protein folding even using in
vitro extract-based translation systems. The refolding of firefly luciferase is known both
to require chaperones and to be slower than folding of luciferase after translation®®%°.
The faster folding rate and higher folding efficiency of firefly luciferase during translation
is due to the formation of a ribosome-obligate folding intermediate®®. Similarly, P22
tailspike (a protein that mediates the recognition of P22 phage with S. enterica cells)
folding also proceeds through several translation dependent intermediates that are not
present during refolding and results in a much more efficient protein folding pathway*'.
Some of these intermediates can be trapped and are present at equilibrium on
truncated, stalled, nascent chains but upon release most of these chains form
aggregates. The protein Flavodoxin also adopts an intermediate (in this case an off-
pathway, molten globule-like intermediate) during refolding that, in contrast, drastically
slows its observed folding rate. However, population of this intermediate is abrogated
during co-translational folding*?. This situation is similar to bacterial luciferase, which is
an alpha/beta heterodimer that assembles more rapidly and efficiently de novo (i.e.
during translation) versus during refolding. Co-translational folding allows the beta
subunit of bacterial luciferase to avoid a long-lived intermediate that is populated only
during refolding®®. Skipping this slow kinetic step, however, is at least in-part due to the
presence of excess alpha subunit. When the beta subunit is translated in the absence
of the alpha subunit, its folding proceeds through the slow folding step observed during
refolding. This phenomenon — that quarternary structure formation can be facilitated by
co-translational folding — has also been observed in vivo. Selective ribosome profiling
studies have shown that complex assembly is influenced by operon construction and
perhaps subunit assembly is tuned to when other subunits are emerging from the
ribosome**. Finally, GFP folding after ribosomal release is also highly efficient (75%
from stalled ribosomes compared to 10% during refolding)*® and this efficiency
difference is due to formation of a co-translational obligate folding intermediate. It is
interesting to note that every protein mentioned here contains a large fraction of B-
sheets, has a somewhat complex topology, (especially in the case of P22 tailspike;
Figure 1.4) and is larger than the average protein used for in vitro protein folding
studies®.

It is clear that the vectorial nature of translation allows the nascent chain time to
collapse before problematic segments of the protein emerge from the ribosome. This
plays an important role in shepherding the nascent chain on the most efficient route to
the native state. Translation is not, however, a continuous process and thus the rate of
translation may help provide time for certain segments of the protein to refold before
other segments have been synthesized.

1.5 Translation rate modulates co-translational folding

Translation rate depends on a multitude of conditions including codon bias,
available peptidyl-tRNA, cofactor occupancy and availability (such as elongation factor-
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P*748), and direct regulation. Since the discovery that synonymous codons (codons that

code for the same amino acid but are different in sequence) and their cognate tRNA
genes occur at different frequencies throughout the genome, scientists have had a
range of hypotheses for why this would occur and what the selective pressures for it
would be'®*9*"_ Furthermore, in the last two decades, researchers have determined
that synonymous mutations are associated with a wide range of diseases® and there is
evidence that codon bias is related to mis-translation, gene expression levels and
specific cellular processes that dominate sequence selection®°. It is clear that codon
choice does influence translation rate and that translation rate and accuracy are under
selective pressure. The hypothesized connection between translation rate (and thus
codon usage) and protein folding has been under investigation for some time. Perhaps
proteins translate more slowly after single domains have emerged in multi-domain
proteins, or codons for slow forming secondary structures are followed by slow
translating codons. Contrary to this hypothesis, it has been difficult to find correlations
between secondary structure formation and codon bias even with large data sets®'*°>™’.
Computational and theoretical studies, however, have shown that changes in codon
usage can change translation rate and that there are weak signatures of a relationship
between codon usage and folding of certain secondary structural elements®®°". It is
important to note that normalizing codon usage by measured tRNA concentrations
reveals stronger correlations than just tRNA gene copy number®®®2 when performing
these calculations. It is only recently, however, that experimental proof of the
relationship between translation rate and the physical properties of proteins has been
understood.

Since it is difficult to assess the rate of folding in an asynchronous process, most
investigations of the translation-speed/protein folding question are performed on
proteins with a functional read-out. This means that these types of experiments
measure drastic changes in a protein’s structure in relation to a changing translation
rate and these changes must be trapped after ribosomal release. Clark and colleagues
used a highly engineered split-GFP construct to show that translating quickly through an
artificial linker could bias the final population of GFP®®. They used three split GFP
domains, a constant region (K) and either a blue light emitting fragment (B) or yellow
light emitting fragment (Y). When the linker between B and Y was translated quickly, a
higher proportion of KB was formed, leading to an increase in the B/Y emission ratio.
This emission ratio was titratable depending on the translation speed of this linker.
Similarly, three naturally occurring synonymous mutations result in altered function of an
ATP-driven efflux pump called Pg-p encoded by the human Multi-Drug Resistance 1
gene (MDR1)%*. Even though protein levels remain constant in the presence of these
synonymous mutations, the maturation of Pg-p is affected, as Pg-p is more susceptible
to limited proteolysis. Additionally, Pg-p’s substrate specificity is altered depending on
which silent mutation is present. The presence of substrate, however, suppresses
mutant Pg-p trypsin susceptibility, suggesting that the synonymous codon usage alters
the conformational equilibrium of Pg-p, but the protein can be remodeled to the WT
conformation. Similar experiments investigating the membrane protein Fus1 uncovered
a similar effect. Changes to the translation speed of Fus1 altered both its susceptibility
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to proteolysis and the buildup of protease-protected co-translational intermediates®®.
Finally, a study on Gamma-B-crystallin showed that its native translation rate is
necessary for proper disulfide formation and that if disulfide scrambling occurs (due to
altered translation rates), the protein adopts a different conformation after release than if
translation rate were not altered®. These studies highlight the connection between co-
translational folding and translation rate as well as the current limitations of the field.

For many proteins, translation speed/codon usage only makes a difference in
terms of expression or solubility®’, but the mechanism by which these many of these
differences manifest themselves remain a mystery. This is due to the fact that obtaining
a mechanistic view of protein folding during translation in vitro or in vivo is
experimentally challenging. So, most groups measure conformational differences
indirectly (for instance by assessing protein function) or after the protein has already
reached equilibrium. This limitation has biased the field either towards highly
engineered folding substrates or towards membrane proteins whose insertion in the
membrane has long been known to be modulated by mRNA sequence and translation
speed®’. Whether the changes seen in the processing, function and conformations of
membrane proteins are bona fide protein folding issues or issues of insertion, trafficking
or chaperone engagement is currently under debate. Complicating these analyses,
especially when comparing de novo folding to refolding, is the fact that the translational
machinery, and especially the ribosome, can affect the nascent chain via direct
interactions.

1.6 Interactions of the nascent chain with the ribosome

For over fifty years, scientists have known that the ribosome protects regions of
the nascent chain from proteolysis® and that many antibiotics target the ribosome exit
tunnel by blocking the nascent chain from emerging. It is only within the past fifteen
years, however, that the surface of the ribosome and especially the ribosome exit tunnel
has become a target for researchers trying to understand co-translational folding. In E.
coli, the ribosome exit tunnel is about 100A long and two ribosomal proteins, L22 and
L4 protrude into it (See Figure 1.5)°°. At the very far end of the channel, near the
surface of the ribosome, is what is called the tunnel vestibule, a widening of the tunnel
that occurs just after its most constricted point. The tunnel, if the nascent chain were
fully elongated, could fit between 30 and 40 residues within it. Furthermore, the
ribosome exit tunnel is wide enough, at 13.7A at its narrowest point, to accommodate
the folding of an alpha helix (helices are ~9.5A in diameter). One of the first
observations for a functional role of the ribosome exit tunnel and the peptide within it is
the SecM stalling sequence, which stalls the ribosome through interactions between the
exit tunnel and the nascent chain’ and which is now used for generating homogenous
ribosome nascent chain complexes (RNCs)”". It is now recognized that the tunnel can
play diverse functional roles, even acting as a tryptophan sensor’®’®, Furthermore, it
has recently become clear that the nascent chain is able to acquire secondary or even
tertiary structure even within the exit tunnel. The presence of helices and B-turns within
the tunnel was first observed using PEG-ylation of the emerging chain in some of the
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first studies to make a direct observation of protein collapse in the exit tunnel”*~"”. Later
cryo-EM studies then provided the first high-resolution images of alpha-helical structure
formation within the ribosome exit tunnel®.

One major unanswered question is how the forces that drive protein folding are
balanced when the protein resides in the ribosome exit tunnel. The exit tunnel is
permeable to water and certain ions®*’®, but is made-up of highly negatively charged
rRNA and, as mentioned above, ribosomal proteins L22 and L4. Recently, cryo-EM
structures of a spectrin fragment and a zinc-binding domain from the transcription factor
ADR1 have been solved with the folded protein residing within the exit tunnel’s folding
vestibule®®®'. Unfortunately, there are no clear trends that relate the physical properties
of proteins (studied in vitro) to structure acquisition in the tunnel (and during
translation)®. This may be because the nascent chain can interact with the surface of
the ribosome, which NMR and dynamic fluorescence depolarization (DFP) studies have
suggested®®®, These DFP studies stalled intrinsically disordered protein fragments as
RNCs and systematically changed the charge on the exposed peptide. They found that
positively charged peptides displayed a reduced range of motion compared to peptides
with a negative charge and compared to some peptides off the ribosome. Interestingly,
they also found that ribosome-stalled peptide fragments behave similarly to those same
fragments in denaturing conditions, suggesting that solution conditions proximal to the
surface of the ribosome are different from those after release.

The ribosome exit tunnel and surface are not inert to the emerging chain, as once
thought. How do these properties, intrinsic to the ribosome, change nascent chain
folding as compared to refolding? Are there general folding phenomena that occur on
the ribosome that do not occur during refolding or at equilibirium?

1.7 Co-translational folding promotes the formation of folding intermediates

As discussed above, there is evidence that co-translational folding can significantly
change protein function and folding efficiency. A common hypothesis to explain this is
that the slow, vectorial nature of translation allows for rearrangement of the nascent
chain during synthesis so that it populates intermediates not allowed during refolding of
the protein®. So, what evidence is there for this hypothesis? How much does the
nascent chain collapse during translation? Two studies published at the turn of the
millennium provided a first glimpse into this phenomenon. One described the co-
translational formation of a fully functional viral protease domain of a larger viral poly-
protein in both eukaryotic and bacterial cells®*. These results are important because
most co-translational folding experiments are done using in vitro translation systems,
which often translate proteins an order of magnitude more slowly than in vivo. Thus, this
paper establishes that co-translational rearrangements can occur in vivo. The other
paper, by Frydman et al. showed that firefly luciferase forms an obligate co-translational
intermediate that is necessary for fast folding (discussed in 1.4)*°. Since then, only a
few obligate co-translational intermediates have been observed. P22 tailspike protein
has been shown to populate several different stable structures at equilibrium during
translation*'. The mechanism for changes in GFP folding efficiency, originally observed
by the Clark lab, were uncovered in a 2012 paper by Skatch and colleagues%. This
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clever study took advantage of the fact that urea inhibits de novo GFP folding, but does
not inhibit chromophore formation. Thus, the authors were able to determine the
amount of folded protein as a function of nascent chain length as well as the amount of
folded protein after release from the ribosome. The observed folding of released GFP,
as well as the fact that there was a chymotrypsin-protected fragment present on RNCs
provide evidence for intermediate formation during translation. However, these studies
do not pinpoint which regions of the protein are involved in intermediate formation.
Building on a classic paper where the co-translational folding of an N-terminal -
galactosidase fragment was tracked using antibodies®’, the co-translational folding of
Influenza A hemagglutinin was tracked using “FactSeq.”®® FactSeq is similar to ChlP:
ribosomes are converted into monosomes with RNase treatment and antibodies
pulldown specific folded epitopes on hemagglutinin. Then, the mRNA is deep
sequenced and the point at which the folded epitope appears can be localized on the
mRNA. Thus, the formation of the folded epitope recognized by each antibody can be
pinpointed by an increase in the number of reads mapping to a specific region on that
mRNA. In order to fully understand the role of the ribosome in nascent chain folding, is
essential to have a high resolution structural view of RNCs.

1.8 Investigations into the structure of ribosome nascent chains

Researchers have tried for years to obtain high resolution structures of nascent
chains. Unfortunately, nascent chains are highly dynamic and attached to a
macromolecular machine a few orders of magnitude more massive. A major
breakthrough in the study of RNCs is the specific labelling and monitoring of nascent
chains by NMR®3#9%2 These studies have revealed that there is a “folding offset” for the
protein ddFLN5 (an IgG like domain from the amoeba Dictyostelium discoideum) during
translation— even when the sequence required for folding has emerged from the
ribosome exit tunnel, folded-like resonances have not yet reached their full intensity. In
addition, these studies revealed large numbers of transient interactions between the
linker used in the studies and the ribosomal surface, buttressing arguments that the
ribosomal surface is an important factor in determining co-translational folding. Similar
nascent chain dynamics were observed for an SH3 domain®. Real-time observation of
the nascent chain during translation using FRET has also been carried out. These
experiments involve the purification of stalled RNCs, whose stalling is then relieved by
the addition of the donor fluorophore using a stopped-flow mixing apparatus. These
studies reveal collapse of the nascent chain before the full sequence is out of the
tunnel®. Complementary to these studies are single-molecule pulling studies on T4-
lysozyme, which show a decrease in folding rate that is dependent on distance from the
peptidyl-transferase center (the closer to the PTC, the greater the magnitude of the
folding rate decrease)™. Interestingly, this decrease in folding rate is partially
attenuated by an increase in the ion strength of the solution, supporting the hypothesis
that folding is modulated by the charge of the ribosomal surface. Finally, some time
should be spent understanding a new type of assay that has been introduced by the
Von Heijne group81. This assay measures read-through of a moderately-weak stalling
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sequence due to the force generated by folding of the nascent chain. By varying the
linker length between the stall sequence and the protein, a force-length profile is
measured. This assay has a characteristic bell-shape. When the nascent chain is too
close to the PTG, it is sterically restricted and thus cannot fold; when it is far away, the
force is not relayed to the PTC and thus read through does not occur. This assay has
been used to profile a large number of proteins and has shown that the force generated
on the stall sequence can be modulated by trigger factor as well as cofactor binding®.
However, there is no definitive study that shows the mechanism by which force is
relayed to the stall sequence nor is the force correlated with the folding pathway,
stability or folding kinetics of the nascent chain.

1.9 Where is co-translational folding as a field and where is it going?

The folding field in general has started moving in two different directions at once.
First, it is moving towards small timescales and atomic resolution by increasing the
resolution if its experiments— ultra-fast mixing experiments using microfluidics and
single amino acid resolution kinetic folding experiments using HXMS and other methods
(such as smFRET or NMR). Second, the folding field is moving towards understanding
the role of protein folding in the context of more complicated systems— moving towards
measuring folding during translation and in vivo, using more powerful algorithms and
computers to perform folding simulations, and layering probes on top of each other (for
instance, combining two types of denaturants and two types of measuring protein
folding). As this continues, recent advances in the creation and manipulation of RNCs
have allowed for a more quantitative view of protein folding to develop. However, the
co-translational folding field lags far behind in terms of the measurement of biophysical
properties that can be used for benchmarking simulation experiments and theory. Part
of the reason for this is that those studying co-translational folding have historically been
biochemists and molecular biologists and, in general, those studying folding traditionally
come from a chemistry or physics background.

There are a few major hurdles that need to be surpassed in order for co-
translational folding to be understood at the level of general protein folding: (1) New
experimental or mathematical modelling methods for synchronizing co-translational
folding and translation. That is, a major challenge is that translation reactions are highly
asynchronous and so the measurement of folding rate is convoluted with the synthesis
of the protein itself, thus making the measurement of folding rates impossible. (2) An
increase in throughput for measuring biophysical properties of nascent chains.
Currently, the most quantitative, biophysical studies available use techniques such as
single-molecule force spectroscopy, FRET, or NMR, all of which are limited by variables
such as attachment sites and protein behavior and yield. (3) General probes for
distinguishing the nascent chain from the ribosome. Too often, protein function is used
as a read out for folding and so certain techniques are not applicable in a general way,
limiting the usefulness of their conclusions. (4) Understanding how the ribosome
responds to common reagents for accessing high energy states (such as chemical
denaturants). (5) Verifiable theoretical models for co-translational folding.
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The time is ripe for collaboration between these two communities and we have
seen some papers published jointly from members of both communities (for instance,
8). Understanding co-translational folding may play a key role in solving the folding
problem, as it is possible that translation places severe restrictions on the folding of
most proteins and thus could help restrict in silico folding space.

1.10 Summary of work contained in this dissertation

Here, | introduce a new method, pulse proteolysis, for probing both the stability
(AGunolding) @nd unfolding rates of ribosome nascent chains. Included in this work; |
assess how the ribosome responds to the denaturant urea and show that stalled
ribosomes are fundamentally more urea-resistant in comparison to un-stalled 70S
ribosomes. We find that the ribosome destabilizes nascent chains and that this
destabilization primarily is the result of an increase in the rate of unfolding, rather than a
slowing of the folding rate. This destabilization is dependent on the isoelectric point (pl)
of the emerging chain, which is consistent with the idea that the high charge density of
the ribosomal surface modulates nascent chain folding. Next, we adapt this pulse
proteolysis method to measure the unfolding rates of two proteins: DHFR V75R (a
destabilized variant of DHFR) and RNase H 153D (a two-state variant of RNase H). For
DHFR V75R, we observe slight acceleration in the unfolding rate from one of its
unfolding intermediates. In contrast, for RNase H 153D, we conclude that the ribosome
changes RNase H’s unfolding rate more than its folding rate, but does not alter its
kinetic m-value. Finally, | use the protein Halo-tag to develop a high-throughput method
for measuring co-translational folding and determine the folding pathway of Halo-tag
using hydrogen exchange mass-spectrometry (HXMS). Using this information, |
investigate the folding pathway of Halo-tag during translation and conclude that the
ribosome abrogates the formation of an early-forming Halo-tag folding intermediate that
causes aggregation. The alteration of Halo-tag’s folding pathway, which only happens
during de novo folding, significantly increases the folding efficiency of Halo-tag. First
however, | would like to explain the principles and limitations of pulse proteolysis.

1.11 Pulse proteolysis is a gel-based method for measuring the fraction of folded
protein in a sample

Pulse proteolysis was originally conceived as a gel-based method for measuring
protein stability?¢. Pulse proteolysis relies on the fact that unfolded proteins are more
susceptible to proteolysis than folded proteins. This is because the conformational
flexibility of unfolded proteins is greater than that of folded proteins. Additionally,
unfolded proteins have a greater percentage of their sequence available for proteolysis.
So, by subjecting a protein at equilibrium to a short pulse of protease and immediately
quenching, all the unfolded protein in a given sample can be cleaved while the folded
protein remains intact. This process is repeated at varying concentrations of denaturant
and then each reaction is run on a gel. The intensity of the full-length band is directly
proportional to the amount of folded protein at that given denaturant concentration.
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Quantitation of the full-length band intensities can then be plotted against the urea
concentration and fit to the equation below to yield the C,, or the denaturant midpoint:

Egq(l): I = Ig(l/(l+exp (-AGuns/RT)); AGuns = -m(Cy — [ureal)

When fitting, o should be fixed to the intensity of no thermolysin sample (however, in
cases where there is a sub-population of protein that does not exchange with the folded
and unfolded states, it is okay to determine Iy by fitting it to a model). The C, is then
multiplied by the experimentally determined or theoretically calculated m-value to
determine the stability. Pulse proteolysis currently is too noisy to determine m-values
accurately. In addition, it is unclear whether proteolysis m-values are the same as m-
values obtained using traditional methods. It is possible, however, that by combining
many high-quality datasets, or by obtaining a large number of points in the unfolding
transition region, that accurate m-values can be measured using pulse proteolysis.

The denaturant used during pulse-proteolysis must be compatible with the method
of reading out the amount of full-length protein. Therefore, urea is most often used as a
denaturant. However, Guanidine Hydrochloride can be used as long as the protein is
TCA precipitated before loading on a gel. High concentrations of salt cause gels to run
poorly. Other denaturants, such as temperature or SDS have been used successfully
with pulse proteolysis®~°.

It is important that (1) the pulse is long enough that all the unfolded protein is
cleaved, (2) that the unfolding rate of the target protein is long enough that a negligible
amount of protein unfolds during the pulse time and (3) the native state of the target
protein does populate excited states that are protease susceptible. In practice, the first
caveat is more of a problem than the second or third. The protease must be active
enough in high denaturant conditions in order to cleave all unfolded protein (especially
for very stable proteins). In addition, quenching must be irreversible and occur very
quickly compared to the pulse length. For this reason, the thermostable protease
thermolysin has been traditionally used. Thermolysin retains its activity in high urea and
can be quenched by the addition of EDTA, which is an irreversible quenching step.
Thermolysin is also very sensitive to reducing agents and requires 10mM CaCl, to
function, especially in highly denaturing conditions. For these reasons, other proteases
are sometimes used, including Subtilisin®®. Alternatively, the concentration of
thermolysin can be increased or decreased to tune the proteolysis rate. It is extremely
important, however to be sure that the experiment remains in the kinetic regime
appropriate for pulse proteolysis to accurately report on the stability of the target protein.
Future work may want to look into using kinetically trapped proteases, such as alpha-
lytic protease, for use in pulse proteolysis.

In order to determine if a protein’s proteolysis and folding kinetics are suitable for
pulse proteolysis, two experiments should be undertaken. The first is that the
proteolysis rate of the folded and unfolded states should be measured near the C, of
the protein. The second (especially if the Cm is unknown), is to run a zero-urea sample
with and without thermolysin treatment. If there is any cleavage of the native state at
zero molar urea, then the protein either experiences deviations away from its native
state during the pulse time or its unfolding rate is so rapid that it is unsuitable for pulse
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proteolysis.

Pulse proteolysis may be used to determine unfolding and folding rates'® and
dissociation constants (Kq) of proteins and their ligands. One caveat when measuring
folding rates is that it is especially important to run a no thermolysin sample in order to
measure the total amount of protein that is refolded. Kinetic data is fit to an exponential
and then plotted as a function of urea. A practical note when performing kinetic
experiments is that each sample should be assayed one minute before the time point in
question, as unfolding or refolding continues during the pulse.

Pulse proteolysis is a diverse method that can be applied not just for determining
protein stability and has been used to simply assess the fraction of folded protein in
different conditions, including during translation®®>''. If the protein is labelled and
accessible, it can be applied in heterogeneous solutions, making it somewhat more
flexible than traditional protein spectroscopy. In addition, pulse proteolysis has the
advantage of using miniscule amounts of protein, is applicable in diverse buffer
conditions, and uses standard benchtop lab equipment. In sum, pulse proteolysis is a
great method for measuring biophysical properties of proteins that are not compatible
with traditional spectroscopic methods.
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1.13 Figures
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Figure 1.1 — Traditional description of a protein’s energy landscape. Most protein
energy landscapes are depicted as a funnel. The bottom well contains the native state
and, for most proteins, its functional ensemble, which is at the global energy minimum.
At the top of the well is the denatured state ensemble. In-between are local minima that
sometimes are populated during folding and/or catalysis (adapted from®).
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Figure 1.2 - Crystal structure of V. cholera Trigger Factor. Trigger factor has three
domains: Domain I, which is responsible for ribosome binding and some chaperone
activity; Domain Il, which is contains the region for trigger factor’s main chaperone
activity; Domain lll, which contains a peptidyl-proline isomerase domain. Structure from

PDBID:1T11.
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Figure 1.3 — One example scenario of co-translational folding promoting
increased folding efficiency. (A) During refolding, two regions of the protein (red and
blue) are able to associate and trap the protein in a non-native conformation, possibly
leading to aggregation and/or degradation. (B) During translation, the red region of the
protein has time to collapse and form a stable, on-pathway structure due to the time
difference between translation and secondary structure formation. This shields the
normally aggregation prone region of the protein and when the blue region emerges, the
red region is inhibited from associating with it. Thus, the process of translation can
promote folding to the native state.
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Figure 1.4 Proteins whose folding efficiency has been observed to be changed
due to translation — (A) Firefly luciferase (PDBID: 5DV9) (B) GFP (PDBID: 2RH7) (C)
P22-Tailspike (PDBID: 2VFM) (D) Bacterial luciferase (PDBID: 1LUC)
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Figure 1.5 The ribosome exit tunnel is big enough to fit an alpha helix — (A)
Diagram of ribosome exit tunnel showing proteins L4 (blue), L17 (green) and L39
(purple). The Lower tunnel is large enough to fit an alpha-helix. However, not helix
formation can occur prior to the constriction of the ribosome exit tunnel. Figure adapted
from Bhushan et al.'® (B) Docking of a model alpha helix within the ribosome exit
tunnel. Figure from Voss et al.®®
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Chapter 2
Quantitative determination of ribosome nascent chain stability

2.1 Abstract

Accurate protein folding is essential for proper cellular and organismal function.
In the cell, protein folding is carefully regulated; changes in folding homeostasis
(proteostasis) can disrupt many cellular processes and have been implicated in a
variety of neurodegenerative diseases and other pathologies. For many proteins,
the initial folding process begins during translation while the protein is still
tethered to the ribosome. Most biophysical studies of a protein’s energy
landscape, however, are carried out in isolation under idealized, dilute conditions
and may not accurately report on the energy landscape under in vivo conditions.
Thus, the energy landscape of ribosome nascent chains and the effect of the
tethered ribosome on nascent-chain folding remain unclear. Here, we develop a
general assay for quantitatively measuring the folding stability of ribosome
nascent chains and find that the ribosome exerts a destabilizing effect on the
polypeptide chain. This destabilization decreases as a function of the distance
away from the peptidyl transfer center. Hence, the ribosome may add an
additional layer of robustness to the protein-folding process by avoiding the
formation of stable partially folded states before the protein has completely
emerged from the ribosome.

Note: This is adapted from a paper published in 2016: Samelson AJ et al. PNAS (PMID:
27821780)
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2.2 Introduction

Proper protein folding is necessary for the function of all cells, and changes in the
cellular protein-folding capacity can lead to cell death and disease '. For more than 50
years, experimental studies have probed the physical properties of proteins, paving the
way for incredible advances in protein design and protein structure prediction, as well as
for understanding first principles of protein folding 2. These in vitro studies, however,
do not necessarily recapitulate the folding process in vivo, including the constraints the
ribosome imposes on the emerging nascent chain during translation *.

In the cell, proteins are synthesized by the ribosome one amino acid at a time on
a time scale that is slower than most in vitro protein folding rates °. Thus, the emerging
chain has time to explore conformational space and adopt structured conformations
before its entire sequence has been synthesized °. This vectorial process, and the
proximity of the ribosome itself, can modulate the emerging chain’s energy landscape in
ways that are just beginning to be appreciated: translation can affect folding efficiency,
enable the population of intermediates that are not revealed during off-ribosome
studies, and can even determine the final conformational fate of the nascent protein 7'°.
In order to understand the folding process in vivo, general rules and biophysical
mechanisms for these modulations of the emerging chain’s energy landscape need to
be elucidated.

To unravel the in vivo folding landscape, we need to interrogate the energetics
and dynamics of ribosome-bound nascent chains in a manner analogous to studies of
the in vitro folding process. The challenge, however, is that standard methods used to
probe protein energy landscapes in vitro — such as circular dichroism or intrinsic
fluorescence — demand large quantities (milligrams) of extremely pure protein in
conditions that differ significantly from those found in the cytosol. Therefore, these
experimental approaches are not amenable to buffers that more closely replicate in vivo
conditions or to heterogeneous protein complexes, such as ribosome nascent chains
(RNCs). Recently, approaches such as single-molecule optical trapping and multi-
dimensional NMR have revealed interesting effects of the folding of a few different
RNCs, but these studies are technically very challenging and therefore are not tractable
for characterizing many different proteins '''2. Furthermore, these approaches do not
provide the most basic features of a protein’s energy landscape, such as the global
stability of the nascent chain.

Here, we present an approach that we believe takes a first step towards
quantitatively measuring the energy landscape of RNCs. Our technique utilizes in vitro
translation and an easily accessible co-translational labeling scheme in combination
with a gel-based method to measure the protein stability of RNCs. We measure the
stability of three proteins both on and off the ribosome and demonstrate that the
ribosome destabilizes the nascent chain in a manner that is dependent on the distance
away from the ribosome's peptidyl-transferase center (PTC). This ribosome-mediated
destabilization may safeguard the emerging chain by preventing the formation of stable
off-pathway intermediates that lead to misfolding.
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2.3 Pulse Proteolysis is a gel-based measurement of protein stability

The simple, first-order description of any protein’s energy landscape is its global
stability, AGunfoiding: Which determines the relative population of the unfolded and native
conformers. This simple parameter is a key determinant for in vivo protein lifetimes and
many disease-causing SNPs are associated with changes in protein stability *~°. In
vitro, AGuntolding iS €asily determined by equilibrium denaturation — monitoring the
spectroscopic signal from the folded protein as a function of chemical perturbant, such
as urea or guanidinium chloride (Figure 2.1). In the presence of the ribosome, however,
these simple measurements are not feasible, as the ribosome itself will overwhelm the
spectroscopic signal of the nascent chain.

To overcome this, we utilize a gel-based method, pulse proteolysis, which
measures protein stability by taking advantage of the fact that unfolded proteins are
more susceptible to proteolysis than folded proteins % In pulse proteolysis, an
equilibrium mixture of folded and unfolded proteins is subjected to a short pulse of
protease, digesting the unfolded proteins and leaving the folded proteins intact. This is
then repeated at increasing urea concentrations to alter the equilibrium ratio of folded
and unfolded protein. Finally, the fraction of folded protein is determined by SDS-PAGE
(Figure 2.1). As long as the protein-unfolding rate is slow compared to the duration of
the proteolysis pulse (one minute), the intensity of the full-length band on SDS-PAGE is
directly proportional to the equilibrium fraction of native protein prior to digestion. No
protease is added to the zero molar urea sample as a control for any proteolysis of
folded protein. The intensities of the full length bands at each urea concentration are
then fit to determine the denaturant midpoint, or C,, which when multiplied by a
protein’s m-value (slope of the unfolding transition) yields the protein’s stability. m-
Values are not determined by pulse proteolysis and are either calculated (here) or
determined using another experimental method "*".

2.4 Pulse Proteolysis of in vitro translated and labeled proteins.

We performed pulse proteolysis on RNCs by combining a commercially available
in vitro coupled transcription/translation system (PURExpress NEB, Ipswich, MA) with
commercially available BODIPY-FL-Lysine®**-tRNA (Promega, Madison, WI). This
pulse proteolysis/labeling approach can successfully determine the stability of in vitro
translated proteins that contain a single lysine '®. To generalize this method, we first
compared the stability of proteins containing multiple lysines produced via the same in
vitro translation strategy or purified recombinantly from E. coli. We measured the
stabilities of two model proteins by pulse proteolysis: RNase H I53D (eleven lysines)
and DHFR V75R (six lysines). Since lysines are predominately surface exposed, we
expected BODIPY-FL-lysine incorporation to minimally perturb each protein’s native-
state stability. We observed a single band for each protein assayed (see top gels Figure
2.2A and 2.2B) and thus assume that only a single BODIPY-lysine is incorporated per
protein. Figure 2.2A shows that for DHFR V75R, the stability of the in vitro translated,
labeled protein was slightly lower than that found for purified recombinant protein. For,
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RNase H 153D, the stability of the in vitro translated, labeled protein matches that of the
unlabeled recombinant protein purified from E. coli (Figure 2.2B and Table 1). This
slight destabilization may be due to the incorporation of the fluorophore, or from slight
differences in the buffer used in the in vitro translation reaction compared to those used
on the purified protein, as DHFR is very sensitive to changes in salt concentrations. It
should be noted, however, that incorporation of BODIPY-FL-lysine does not affect the
ability of DHFR V75R to bind one of its inhibitors, methotrexate, suggesting that
although the stability of the protein is somewhat decreased, the native conformation of
DHFR V75R is not disturbed (See Figure 2.3). While this could pose a problem when
comparing purified protein to IVT translated protein, it should not affect a direct
comparison of IVT-produced protein on- and off- the ribosome.

2.5 Urea sensitivity of 70S ribosome and RNCs.

Determining protein stability (AGunf) requires modulating and measuring the
population of both the folded and unfolded states; this is usually done using thermal or
chemical denaturation. Urea is the preferred denaturant for pulse proteolysis, because
it does not alter the samples’ ionic strength and can be used in combination with SDS-
PAGE. Considering its ubiquity in protein-folding experiments, it is surprising that, to
our knowledge, no group has determined the sensitivity of RNCs to urea denaturation.
To probe this, we used both sucrose gradient ultracentrifugation and fluorescence
correlation spectroscopy (FCS).

First, we performed sucrose gradient ultracentrifugation on purified 70S
ribosomes after incubation in varying urea concentrations (Figure 2.4A). 70S ribosomes
appear stable in 1.0M urea, although the peak shifts down the gradient marginally,
perhaps signifying slight expansion or partial unfolding of ribosomal proteins or rRNA. At
2.0M urea, however, the 70S peak decreases concurrent with an increase in the heights
of both the 30S and 50S peaks. The 70S peak then completely disappears at 3.0M
urea and the 50S peak broadens and simultaneously decreases in intensity, signifying
denaturation of 50S subunits.

SecM-stalled ribosomes should be more stable than reconstituted 70S ribosomes
since the SecM stalling sequence is known to make both extensive contacts with the
ribosome exit tunnel and strengthen 30S-50S contacts '°. To test the urea sensitivity of
SecM-stalled RNCs, we translated DHFR V75R-(GS)s-SecM for one hour, halted
translation with 2mM chloramphenicol, incubated the IVT reactions in urea overnight,
and subjected these samples to sucrose-gradient ultracentrifugation. At OM and 1.0M
urea, as observed for reconstituted 70S ribosomes, the height of the 70S peak changes
little for SecM-stalled RNCs. Unlike reconstituted 70S ribosomes, however, a significant
portion of the 70S peak remains for SecM-stalled RNCs incubated at 2.0M and 3.0M
urea (compare Figure 2.4A and 2.4B). It is possible that a small population of the 70S
ribosomes is not properly engaged with SecM and this could account for the small
decrease in 70S peak intensity between 1.0M and 2.0M urea. At 4.0M urea, there is no
apparent 70S peak. In sum, these data suggest that the SecM-stalled RNCs are stable
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to greater than 3.0M urea. To confirm this observation, we turned to FCS in order to
follow RNCs specifically, rather than the entire 70S ribosome population.

FCS studies were carried out on RNCs labeled with Atto647N via unnatural
amino acid incorporation (Figure 2.4C) and were incubated overnight in urea as
described above. From OM urea to 3.0M urea, the small increase in the measured
diffusion coefficient is likely due to a small population of free, dye-labeled nascent
chains or a small proportion of RNCs improperly engaged with SecM, as is seen in the
previously mentioned sucrose gradient experiments. Since we use a single-species fit
(see Methods), a small proportion of free nascent chains would appear as an increase
in the observed diffusion coefficient. The diffusion coefficient measured in low
concentrations of urea is about 2.0 x10™'° m?sec™, close to the diffusion coefficient
measured for 70S ribosomes using laser light-scattering microscopy 2°, although in
different conditions. Above 3.0M urea, there is a dramatic increase in the observed
diffusion coefficient - likely a result of 70S dissociation into 30S and 50S subunits. At
4.0M urea, the diffusion coefficient measured corresponds to that of sphere with mass
~40kD (approximately the molecular weight of the protein and attached tRNA) and
remains smaller than that of nascent chains released by RNase A digestion.-These data
support those seen in the sucrose gradient ultracentrifugation experiments — SecM
stalled RNCs are stable to greater than 3.0M but less than 4.0M urea.

2.6 Pulse proteolysis of stalled ribosome nascent chains.

In order to determine if the ribosome can alter the stability of the emerging chain,
we applied pulse proteolysis to stalled RNCs. We used protein variants with C,s lower
than 2.5M urea off the ribosome to assure that the unfolding transition occurs before
RNC dissociation: RNase H 153D, DHFR V75R and Barnase W35F/W94F/H102A. All
three of these variants have been well characterized in vitro and display two-state
equilibrium unfolding 2""?2. For each protein tested, RNCs are destabilized as compared
to the same protein free from the ribosome (Figure 2.5 A-C, Table 2). In addition, the
magnitude of destabilization is anti-correlated to the isoelectric point of the protein.
DHFR V75R is destabilized by 1.93+0.29 kcal/mol and has an isoelectric point of 4.94,
whereas RNase H 153D and Barnase W35F/W94F/H102M, whose isoelectric points are
7.97 and 8.86, are destabilized by 1.63+0.36 kcal/mol and 0.42+0.08 kcal/mol,
respectively. These data are consistent with previous studies on ribosome-stalled
intrinsically disordered proteins (IDPs) which have demonstrated that more negatively
charged IDPs have increased dynamic motions when stalled on the ribosome as
compared to when free in solution 2°. Similarly, NMR data show an increase in
dynamics of the nascent chain when proximal to the ribosome '?2?*. Both of these
results can be explained by a general destabilization of the nascent chain due to
proximity to the ribosome.

To assure that our proteolysis measurements are not biased due to steric
occlusion of the protease by the ribosome, we appended a TEV-cleavage site between
the natural C-terminus of the protein and the glycine-serine linker. We monitored
proteolysis kinetics using TEV protease on RNCs both before and after RNaseA

30



treatment. In both cases, the protein is fully cleaved within 5 minutes of TEV addition
(Figure 2.6). Thus, even the C-termini of the RNCs are fully accessible to proteolysis.

2.7 Reversible folding of stalled nascent chains.

Measuring thermodynamic stability requires that the folding process is reversible
and that the proteolysis-resistant conformation does not represent a kinetic trap. To test
for reversibility, after purification through a sucrose cushion, we re-suspended stalled
DHFR V75R-(GS)s-SecM RNCs in both 0.5M and 2.5M urea and allowed them to reach
equilibrium overnight. Each RNC/urea sample was then divided and diluted into either
2.5M urea or 0.5M urea (see Figure 2.7). After a second overnight equilibration, the
fraction of folded protein was measured by pulse proteolysis. Regardless of the initial
urea concentration, the fraction folded of RNC at 0.5M urea remained the same whether
the sample had been unfolded in 2.5M urea or not (Figure 2.7 A and C). Therefore,
stalled nascent chains fold reversibly.

2.8 Nascent chain destabilization is distance dependent.

Several studies have suggested a distance dependence to the effects of
ribosome-mediated changes in nascent chain behavior ®'""'2, To investigate the
distance dependence of the stability of RNCs, we used both DHFR V75R and RNase H
I53D to measure protein stability as a function of amino acid distance from the peptidyl-
transferase center (PTC) by increasing the linker length between the SecM stalling
sequence and the natural C-terminus of the protein (See Figure 2.8E). The linker length
was extended by increasing the number of glycine-serine repeats in steps of ten amino
acids, resulting in distances of 35, 45 and 55 amino acids between the natural C-
terminus of the target protein and the PTC. For both proteins, nascent chain stability
increased as a function of linker length, approaching the stability of the free protein at a
distance of 55 residues away from the PTC (Figure 2.8 A-D, Table 3). These results
can explain previous observations of both increased protection to limited proteolysis and
increased peak dispersion as the distance from the PTC is increased '#*%’, suggesting
that the increased protection is likely due to changes in global stability and not
interactions with the ribosome or changes in native-state dynamics.

2.9 Discussion

Here, we developed a simple gel-based assay for measuring the stability of
RNCs and compared the global stability of three proteins both on the ribosome and free
in solution. We provide what we believe are the first quantitative measurements of a
protein’s global stability on the ribosome and find that RNCs are destabilized relative to
the same protein off the ribosome. This ribosome-dependent modulation of the energy
landscape is dependent on the amino acid distance from the peptidyl-transferase
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center. By the time the nascent chain is 55 residues away from the PTC (a spacer of
20-30 residues from the end of the exit tunnel), the global stability of the protein is no
longer modulated by the presence of the ribosome. These results are consistent with,
and provide a quantitative explanation for, several other observations of ribosome
nascent chain behavior ®'"'228 For instance, the point at which the nascent chain
acquires its native stability as measured here is very similar to the distance from the
PTC required for full acquisition of folded peaks by NMR 2. Furthermore, work on
stalled IDPs suggests that the ribosome acts comparably to a denaturant on the
emerging chain, which again is consistent with what we observe here for the folding
energetics of RNCs %,

It is particularly interesting to compare our results with those obtained by von
Heijne and colleagues using an arrest peptide mediated assay to assess the force
generated by the nascent chain during translation ?®%°. For DHFR, they measure the
maximum force generated by the emerging chain at about 45 amino acids away from
the PTC, close to where we see a return to off-ribosome like stability. It remains
unclear, however, how the force applied to the arrest peptide is related to the protein’s
stability, folding trajectory, or folding rates. Our approach, which can be used under
various conditions and at a range of nascent-chain lengths, should help shed light on
the biophysical effects driving the peptide arrest assay.

Several other studies have implicated electrostatic forces in modulating nascent
chain energy landscapes '""'??%, The distance dependence of the stability changes we
observe, combined with the fact that the magnitude of destabilization is inversely
correlated with the isoelectric point of the proteins we measure, are consistent with this
idea. Further studies, however, are needed to determine the physical basis of the
destabilization observed here.

What role could general ribosomal destabilization play in assuring folding fidelity
in vivo? For the emerging chain, accessing the native state is not an option, simply
because the full sequence of the protein is yet to be synthesized. However, hydrophobic
collapse or other partially folded states are accessible to the incomplete nascent chain,
and translation is certainly slow enough that the incomplete nascent chain has time for
formation of such potential native and non-native intermediates. While some
experiments have shown co-translational folding to increase folding efficiency and
speed, it is possible that intermediates that form co-translationally may be off-pathway
and result in non-native, toxic species "*%*'. In order to avoid such conformations, cells
may have evolved chaperones, such as trigger factor, to “hold and unfold” proteins as
they emerge. Indeed, trigger factor is known to bind to proteins about 60 amino acids
away from the PTC, the same distance at which the destabilization we observe is
abrogated 2°?”. Perhaps the observed destabilization allows the nascent chain to fold
more efficiently and avoid off-pathway kinetic traps. Therefore, destabilizing collapsed
states that form as the nascent peptide emerges, but before its entire sequence is
accessible, may help to ensure that the protein only forms a stable structure after
completely emerging from the ribosome.

Finally, our approach is adaptable as a tool to probe other differences between
protein energy landscapes in vitro and in vivo. While we believe this method to be
widely applicable; when applying it to new systems, it is important to take into account
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the limitations of pulse proteolysis, including possible steric hindrance due to
biomolecular interactions (see 16, 32). Nevertheless, it should be possible to extend
our approach to determine how the ribosome modulates protein folding kinetics by
monitoring unfolding rates via pulse proteolysis *. In addition, since quality control at
the ribosome seems to play an important role in general cellular proteostasis 3 it will be
important to know how RNC stability is altered in the presence of ribosome-associated
chaperones such as trigger factor (in bacteria) or the RQC (in eukaryotes). Importantly,
moving from more descriptive studies of RNCs to measuring their biophysical properties
will enable both validation and extension of recent computational studies **°" and will
uncover general biophysical principles governing co-translational folding.

2.10 Materials and Methods

Sample preparation 50uL IVT reactions (PURExpress, NEB) were initiated by addition
of 500ng plasmid DNA in the presence of 2.5uL Flourotect Greenlys tRNA (Promega)
and 2uL RNase inhibitor, murine (NEB).

Preparation of samples off the ribosome or without a SecM sequence:

Samples were incubated for 1 hr at 37°C before adding chloramphenicol to 2mM and
RNase A to a final concentration of 0.1 mg/mL. These samples were then incubated at
room temperature overnight and spun at 21000xg for 30 minutes at 4°C. The
supernatant was then used for pulse proteolysis.

Preparation of RNCs:

After incubation for 30 minutes to 1 hour at 37°C, IVT reactions were loaded onto a
125uL 1M sucrose cushion in 25mM HEPES pH 7.5, 15mM MgOAc, 150mM KClI, 2mM
DTT (HKM+DTT) and centrifuged at 200,000xg for 40 minutes at 4°C. Supernatant was
aspirated and ribosome pellets were washed three times with 200uL HKM+DTT.
Pellets were then resuspended in 35uL of HKM +DTT (see Figure 2.9).

Pulse Proteolysis

For protein purified from E. coli, pulse proteolysis was conducted as previously
described '®32 in HKM+DTT. For released or stalled nascent chains, 3uL of halted IVT
reactions or RNCs, respectively, were diluted into 7uL of HKM+DTT and urea to the
desired urea concentration. After incubation for at least 12 hours, 1uL of 34x
(6.8mg/mL) thermolysin was added to each 10uL reaction and 8uL were quenched into
3uL 500 mM EDTA pH 8.5. After pulse proteolysis, RNase A was added to 0.1mg/mL to
each reaction and incubated at 37°C overnight to digest any remaining peptidyl-tRNA.
For IVT reactions off the ribosome, RNase A was added to a final concentration of
0.1mg/mL and incubated 15 minutes at 37°C. Samples were then mixed with SDS-
PAGE loading dye and loaded onto 4-12% Bis-Tris gels (ThermoFisher, Waltham, MA).
Gels were run in MES buffer and imaged with a typhoon (GE, Schenectady, NY) using a
488nm laser and 520BP filter. Analysis and quantification of gels was done using
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Imaged as described previously %2 Urea concentrations were measured using a
refractometer as described previously *.

FCS

RNCs with fluorescently labeled nascent chains were a gift of Madeleine Jensen. For
experiments, they were diluted into appropriate urea concentrations, and allowed to
reach equilibrium overnight at room temperature in 1x HKM+DTT. FCS measurements
and analysis were performed as described previously 2 fitting to a single species, using
an additional term to correct for the triplet state. To control for effects of urea on optics
and viscosity, diffusion of free Alexa 488 was measured at the same urea
concentrations as the RNCs (See Figure 2.10). The measured Alexa 488 diffusion
coefficients were then normalized to the OM urea coefficient to determine the viscosity.
These values were used to calculate RNC diffusion coefficients.

Sucrose Gradients

70S ribosomes with no nascent chain were a gift of Jonas Noeske and prepared as in
% For RNCs, IVT reactions were quenched with chloramphenicol to a final
concentration of 2mM after preparation as described above, diluted to 100uL to the
desired urea concentrations, and incubated for at least 12 hours at room temperature.
Samples were then layered on top of 10-50% sucrose gradients and centrifuged in a
SW41Ti rotor at 40000 rpm for 3 hours.
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Figure 2.1 - Comparison of spectroscopy and pulse proteolysis for determining
protein stability. Samples are equilibrated in urea overnight for both spectroscopic
methods and pulse proteolysis For spectroscopic methods (left), equilibrated samples
are read directly in a spectrophotometer to determine the signal difference between the
folded and unfolded states. Alternatively, for pulse proteolysis (right), a protease is
added to digest all unfolded protein at a given urea concentration. Samples are
analyzed by SDS-PAGE, and the remaining band represents the amount of folded
protein at each urea concentration. The intensity of each band is plotted against the
urea concentration and then fit to determine the concentration of urea where half of the
folded protein remains, or the C,.. The Cy, is multiplied by the protein’s m-value to
determine the stability, AGuntolding-
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Figure 2.4 - Urea sensitivity of 70S ribosomes and RNCs. (a and b) Sucrose
gradient ultra-centrifugation of (a) 70S ribosomes and (b) RNCs. Highlighted in blue is
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magnesium and 0.5M KCI as a negative control. (c) Diffusion coefficients of RNCs
plotted as a function of urea concentration (bottom). Error bars represent the standard
deviation of at least ten experiments (fits are shown in Figure 2.11).
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determined by pulse proteolysis. (a) DHFR V75R RNC stability as a function of linker
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experiments. Error bars represent the standard deviation of the C, determined by three
separate experiments. (e) Constructs used in this study. The sequence coding for each
target protein was appended with a variable size glycine-serine linker, (GS)y, followed by
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Figure 2.9 - Purification of labelled RNCs. IVT reactions (input) were loaded onto a
sucrose cushion and centrifuged as described in the methods section. Supernatant
(sup) was aspirated and the pellets were washed 3 times (W1, W2, W3) with 200pL of
ice cold HKM +DTT. Pellets were then resuspended, mixed with SDS-PAGE loading
dye and loaded on a gel.
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Figure 2.11 - Sample FCS runs with fits for each urea concentration. Colors are
four different acquisitions. Diffusion coefficients of RNCs plotted as a function of urea
concentration (bottom). Error bars represent the standard deviation of at least ten
experiments.
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Figure 2.12 - Gels used in Figure 6. (a) DHFR V75R-(GS)x-SecM on ribosome gels.
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Table 2.1 — Comparison of IVT and recombinant protein

Protein Cm purified AGunt, purified | Cm, vt AGuns, vt
[Urea] (M) | (kcal/mol) [Urea] (M) (kcal/mol)

DHFR 2.50+0.18 4.50+0.32 2.10+0.16 3.78+0.29

V75R

RNase H | 2.21+0.09 4.41+0.18 2.16+0.10 4.31+0.19

153D
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Table 2.2 — Determination of RNC stability

Protein Cm,on Cm,off AGunf,on AGunf, off AAGunf, on-off
[Urea] (M) | [Urea] (M) | (kcal/mol) | (kcal/mol) | (kcal/mol)

DHFR V75R- 1.81+0.05 |2.58+0.11 | 4.57+0.14 | 6.50+0.25 | -1.93+0.29
(GS)s-SecM

RNase H 153D- 1.65+0.10 | 2.14+0.13 | 4.07+£0.23 | 5.29+0.33 | -1.22+0.16
(GS)s-SecM

Barnase 2.0940.01 | 2.31+0.04 | 3.90+0.02 | 4.32+0.08 | -0.42+0.08
W35F/W94F/H102M-

(GS)s-SecM
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Table 2.3 — Ribosome-mediated destabilization is dependent on distance from the

PTC
Protein Distance | Cmon Chn,off AGynt, on AGyn, off
from PTC | [Urea] (M) | [Urea] (M) | (kcal/mol) | (kcal/mol)
(aa)
DHFR V75R- 35 1.81+0.05 | 2.58+0.11 | 4.57+0.14 6.50+0.25
(GS)x-SecM
45 2.47+0.01 | 2.60+0.15 | 6.24+0.02 6.55+0.39
55 2.75+0.02 | 2.72+0.12 | 6.93+0.05 6.85+0.30
RNase H-I53D- | 35 1.65+0.10 | 2.14+0.13 | 4.07+0.23 5.29+0.33
(GS)x-SecM
45 1.92+0.15 | 2.23+0.11 | 4.99+0.39 5.80+0.27
55 2.13+0.11 | 2.18+0.09 | 5.96+0.24 5.96+0.30
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Chapter 3
Characterization of ribosome nascent chain folding and unfolding kinetics

3.1 Abstract

Protein folding is necessary for proper cellular and organismal function. The
disruption of accurate protein folding (misfolding) is highly detrimental to
numerous cellular processes and can lead to cell death and disease. A major
protein homeostasis (proteostasis) node in the cell is the ribosome, which
interacts with a number of quality control factors that help guarantee protein
folding fidelity. A protein’s initial folding steps can occur during translation,
while the protein is still being synthesized. Most studies of a protein’s energy
landscape, however, are performed in idealized conditions with purified protein in
simple buffers. Thus, studies have struggled to replicate conditions that occur
during translation and so how the ribosome itself modulates a protein’s energy
landscape remains unclear. In particular, how the ribosome changes a nascent
chain’s folding trajectory continues to be a mystery. Here, we measure the
unfolding rates of two proteins as stalled nascent chains and find that the
unfolding rate of each protein is highly accelerated. This unfolding rate
acceleration may serve to add a layer of robustness to the folding process by
encouraging the quick resolution of non-native secondary or tertiary structural
collapse during translation.
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3.2 Introduction

Protein folding is necessary for the function of all cells and protein misfolding is
implicated in a wide variety of human diseases. Understanding general physical
principles governing protein folding has been a major challenge for physical biochemists
and biophysicists over the past half-century. In parallel, biochemists, molecular
biologists and cell biologists have worked to uncover how the cell manipulates protein-
folding landscapes in order to maintain proteostasis and modulate protein function. The
last half-century has been incredibly fruitful for both pursuits; there is a wealth of
biophysical data obtained mostly from in vitro experiments performed in relatively simple
environments with purified proteins'? and scientists have used many in vivo and
complex in vitro techniques to uncover principles governing the maintenance of
proteostasis, including the function and regulation of protein chaperones, the
translational apparatus, and protein degradation and recycling machineries®. Only
recently, however, have scientists made major strides unifying these two fields by
applying quantitative biophysical techniques to environments more similar to those in
vivo*™®. A major area of research in the past several years has been the study of how
the ribosome changes the biophysical properties of the nascent chain: its folding and
unfolding rates, stability, and trajectory” . The surveillance and quality control of
nascent chains lies at a proteostasis node in the cell’®'” and understanding the
biophysical characteristics of nascent chain folding will reveal not only general principles
of protein folding (in vivo and in vitro), but also strategies for resolving protein misfolds
that can cause cellular insult and are implicated in degenerative diseases including
aging, ALS and Alzheimer’s'®'®.

With a few notable exceptions®'", the study of nascent-chain folding still relies on
highly engineered methods that lack throughput and the ability to measure general
biophysical properties necessary for comparison to biophysical data generated from
both experiment and simulation. In particular, principles for understanding the folding
trajectory of the nascent chain and how it is related to its refolding in vitro are
particularly poorly understood. While many studies have shown that there are
differences between folding in vitro and during translation, there are still many open
questions. Several studies implicate the ribosome’s charged surface in modulation
protein folding”®'®%, but is this due to binding or repulsion of the nascent chain? Many
groups have reported the formation of translation or ribosome-obligate folding
intermediates; but do these intermediates form due to the non-equilibrium nature of
translation (as suggested by simulation®*®) or due to some other property of the
translational machinery?

A classic method to probe protein-folding trajectories is to measure the folding
and unfolding rates of proteins and their variants in different environments.
Unfortunately, measuring protein folding and unfolding during translation is a technical
challenge. The presence of the ribosome precludes the use of classic protein
spectroscopic techniques, such as fluorescence or circular dichroism (CD), as the signal
from the ribosome drowns out that of the nascent chain. Furthermore, translation is a
highly asynchronous process— unless folding is measured one molecule at a time’—it is
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difficult to de-convolute what molecule is folding when during translation. Clearly, we
need new biophysical methods that overcome challenges of throughput, detection, time
resolution and sample generation.

Here, we combine two extant technologies: (1) the use of the SecM stall
sequence to make homogenous stalled Ribosome Nascent Chains (RNCs)?* and (2)
commercially available BODIPY-lysine-peptidyl-tRNA with a previously reported
methodology, pulse proteolysis, to measure the unfolding rates of RNCs®. We are able
to measure the unfolding rate of a two state RNase H variant as well as that of an
unfolding intermediate of a DHFR variant. For the variant of RNase H, we find that,
compared to off the ribosome, its unfolding rate is vastly accelerated, but the folding
rate remains relatively unchanged.

3.3 Pulse proteolysis can be used to measure protein unfolding rates

The biophysical properties of RNCs cannot be measured using standard biophysical
techniques and so new types of methods must be used to overcome the challenges
associated with studying them (see®®'"). In Chapter 2, we reported the use of pulse
proteolysis, combined with an in vitro translation and labelling scheme to measure the
stability (AGunr) of RNCs. Pulse proteolysis is a method to measure the fraction of
folded protein in a given condition by taking advantage of the fact that unfolded proteins
are more susceptible to proteolysis than folded proteins®>?°. There are two
requirements for accurate measurement of fraction folded using pulse proteolysis: (1)
The unfolding rate of the protein must be slower than the pulse length, and (2) The
native state must not be cleaved at a similar rate to the unfolded state or access any
cleavable excited states. To measure protein stability, pulse proteolysis is performed
after equilibration of the target protein at increasing urea concentrations. After the
pulse, samples are run on a gel and the band corresponding to the full-length protein is
quantified. This band is a direct measurement of the amount of folded protein in
solution (Figure 3.1).

Pulse proteolysis can be adapted to measure protein unfolding rates with a
simple change in experimental set-up®’. Briefly, after equilibration in native conditions,
unfolding of RNCs or free protein is initiated by dilution into a specific urea
concentration. Next, samples are aliquoted into separate tubes and pulse proteolysis is
applied at specific time points, in order to measure the fraction of folded protein at that
specific time. Samples are then run on a gel and the band corresponding to the full-
length protein is quantified and plotted as a function of time. These data are then fit to
an exponential:

Eq 3.1: I(t) = Ige ™
Where |y is the initial intensity where no protease has been added to the reaction and k
is the unfolding rate. It is important to note that observation of a double or higher

number of exponential processes would require each unfolding intermediate to have a
similar proteolysis rate as the folded state (i.e. pulse proteolysis can only distinguish
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between states that are protease susceptible or not within the pulse time). After
determining unfolding rates at several different urea concentrations, one can extrapolate
to the unfolding rate at zero urea:

Eq 3.2: f(x) = mxRT '+Kuns,u20

Where RT is the gas constant times temperature and m is the unfolding m-value (See
Figure 3.1).

3.4 Using pulse proteolysis to determine the unfolding rate and m-value from in
vitro translated proteins

Pulse proteolysis has been shown to be a robust method for measuring unfolding
rates and unfolding m-values®” and has successfully recapitulated CD data for the
unfolding of RNase H and MBP. To determine if it could be used to measure the
unfolding rates of IVT protein, we probed the unfolding of a two-state RNase H variant:
I153D/D10A and compared it to that of RNase H I153D/D10A unfolding as measured by
CD (Figure 3.2A and B; Table 3.1). We chose RNase H 153D/D10A for two reasons:
(1) it is a two-state folder, so by measuring its unfolding rate we can extrapolate its
folding rate if we know its stability and (2) it has served as the background for phi-value
analysis in previous studies from the Marqusee Lab®®, which we want to repeat on the
ribosome. Fitting of the unfolding data revealed a rate constant of 1.6+0.7x10° sec™
and and m-value of 0.43+0.7 kcal-mol-M™. Although the rate constant is different than
previously reported®®, 8.1x10®, the m-values are quite similar (0.56 vs 0.43+0.7), most
likely due to the different conditions: 25mM HEPES pH 7.5, 150mM KCI, 15mM MgOAc,
0.1mM TCEP (here; HKMT) versus 20mM Na Acetate pH 5.5, 50mM KCI?® for the CD
studies. Thus, we measured unfolding of recombinantly produced and purified RNase
H 153D/D10A using pulse proteolysis in HKMT at two different urea concentrations
(Figure 3.2C). These points fall directly on the fit obtained using IVT protein. We
therefore conclude that pulse proteolysis of IVT accurately measures the unfolding rates
of RNase H.

3.5 Stability of RNase H 153D/D10A on and off the ribosome

In order to conduct studies on RNase H 153D/D10A on and off the ribosome, its
urea-denaturation midpoint, or Cr,, must be lower than the urea concentration needed to
break apart SecM-stalled 70S ribosomes, about 3.5M urea (Section 2.5 and Chapter 3
reference 8). Using pulse proteolysis, we examined the stability of both free and SecM
stalled RNase H 153D/D10A-(GS)s-SecM. Unfortunately, the C, of RNase H 153D/D10A
on the ribosome was determined to be 3.38+0.10M urea, enough that we could
measure its stability, but not low enough to perform unfolding studies, as we would like
to go at least 1-1.5M urea above the C, to maximize both rate and signal change for
unfolding studies (Figure 3.3A; Table 3.2). RNase H I53D/D10A-(GS)s-SecM’s stability
change due to the ribosome (AAGon.of) is -1.03+0.03 kcal-mol™, similar, but lower than
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that of RNase H I53D-(GS)s-SecM (Figure 3.3B; Table 3.2). Interestingly, RNase H
I53D’s isoelectric point is less than that (more negative) of I53D/D10A and so is its
AAGon-of. This is consistent with the anti-correlation of isoelectric point and AAGon-of that
we observe in Chapter 2 (Figure 3.4). Since RNase H 153D/D10A has a Cy, too high to
perform unfolding studies on the ribosome (which dissociates into 30S and 50S
subunits at about 3.5M urea, see chapter 2), we then performed kinetic studies on the
more destabilized RNase H variant I53D.

3.6 Unfolding of RNase H 153D on and off the ribosome

We measured the unfolding rates of RNase H I53D-(GS)s-SecM on- and off- the
ribosome using pulse proteolysis. First we compared the unfolding parameters we
measured for RNase H 153D off the ribosome to those measured previously in the lab®
(Figure 3.5A and B; Table 3.3). Similar to RNase H I53D/D10A, the extrapolated
unfolding rate was quite different, 6.3+5x10° sec™ (Spudich et al.) versus 2.95+1.9x107
sec” (here), but the m-values were very similar (this is identical to the case of RNase H
I53D/D10A). This is not unexpected, as RNase H 153D in conditions here is
destabilized by 1.4+0.10 kcal-mol™ compared to in the previous study. Since RNase H
I53D is two-state, this destabilization must arise from a change in either the folding or
unfolding rates. Here, it is primarily due to changes in the unfolding rates as the
equilibrium constant is reduced 10-fold and the unfolding rate is reduced 10-fold. It is
important to note that this stability change is not due to the C-terminal addition of the
glycine-serine linker or SecM sequence (see Figure 2.1). Next, we measured the
unfolding rate of RNase H 153D as a stalled RNC (Figure 3.5C and D and table 3.3).
We found the unfolding rate to be accelerated by one log order, accounting for almost
all of the stability difference measured between the protein as a RNC and free in
solution. The m-values measured on the ribosome are within error of those determined
off the ribosome. This contrasts with a previous study which suggests that the folding
rate and not unfolding rate is primarily effected by the ribosome’.

3.7 Unfolding of DHFR V75R on and off the ribosome

In order to generalize our results further, we applied pulse proteolysis to the
unfolding of DHFR V75R both on and off the ribosome. DHFR V75R-(GS)5-SecM is
destabilized by 1.93+0.29 kcal/mol due to its stalling as a nascent chain®. DHFR,
however, is known to fold and unfold through several intermediates which could
preclude analysis of DHFR’s unfolding rate by pulse proteolysis. Consistent with this,
unfolding of DHFR V75R-(GS)5-SecM’s (off the ribosome) yields different results when
measured by pulse proteolysis versus CD. When measured by pulse proteolysis,
unfolding is slower by a factor of ~5.7 (Figure 3.6A-D and Table 3.4). Interestingly, the
unfolding m-values also differed, by a factor of two. The m-value as measured by CD is
half that as measured by pulse proteolysis, suggesting that the CD experiments are
reporting on unfolding to an intermediate not accessible by proteolysis which reports on
yet another unfolding intermediate. These two phases, each about one log order
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between them, have been observed multiple times for WT DHFR. Most DHFR folding
studies are done using intrinsic fluorescence and some states of DHFR and its mutants
are differentially visible to CD spectroscopy®®>%. We hypothesize that DHFR V75R-
(GS)5-SecM undergoes a fast unfolding phase that thermolysin cannot cleave, but is
visible by CD. We then proceeded to measure DHFR V75R-(GS)5-SecM’s unfolding
rate on the ribosome and found it to be only slightly different than that measured off the
ribosome (Kunioff = 2.124.2x107+0.7; Kunton = 5+1.0x10#20.2). The m-values both on and
off the ribosome are, just as in the RNase H case, indistinguishable from each other
(Table 3.4). This does not mean, however, that there is no acceleration of the unfolding
rate, just that pulse proteolysis cannot measure the slower phase, as the transition to
the cleavable species occurs faster.

3.8 Discussion

Here, we have demonstrated that pulse proteolysis can be used for determining
unfolding rates of stalled RNCs. For RNase H 153D, we observe a drastic acceleration
in the unfolding rate that accounts for almost all of the change in stability due to stalling
on the ribosome. For DHFR V75R, we capture a slow unfolding step that differs from a
faster unfolding step that is visible to CD and the difference in rate on and off the
ribosome is minimal. This does not mean that there is no unfolding rate acceleration
due to the ribosome. We cannot rule out, however, that the change in DHFR V75R
RNC stability is due to deceleration of the protein’s folding rate. In fact, this hypothesis
makes sense structurally, as the in vitro refolding pathway of DHFR requires docking of
its C-terminal beta-sheet to complete folding. Since this sheet may be sterically
hindered by the ribosome exit tunnel at short linker distances, it is possible that this is
the rate-limiting step and hence the folding rate, and not the unfolding rate, is primarily
affected.

Equally of interest to the extrapolated unfolding rates measured here is the
unfolding m-value. There are not enough points to accurately obtain an equilibrium m-
value with pulse proteolysis, but because there are (1) fewer parameters when fitting
unfolding and (2) each point on the unfolding limb is made up of many data points,
unfolding m-values can be accurately calculated using pulse proteolysis34. Here, we
observe no change in m-values whether on or off the ribosome and the m-values we
measure for RNase H I53D and RNase H 153D/D10A are within error of those
measured using CD. This is in agreement for comparison of force dependent m-values
on- and off- the ribosome for T4 lysozyme’. Since m-values are related to the change
in exposed surface area upon unfolding, our results suggest that the destabilization we
report in Chapter 2 and the differences in rate measured here for RNase H 153D are not
due to the nascent chain binding to the ribosome. If the destabilization of the nascent
chain were due to favoring an unfolded, but ribosome-bound state, then we would
expect a decrease in the m-value of the nascent chain, as the change in accessible
surface area upon folding would decrease. Another possibility is that the ribosome
bound state can only be accessed from the unfolded state, meaning that
folding/unfolding would proceed as follows:
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Uribosome—bound <==> Ufree <-=>F

If the ribosome-bound and free unfolded states were both fully susceptible to proteolysis
during the one-minute pulse, or if the exchange between Uriposome-bound aNd Usee Were
very fast, then it is possible we would not observe a change in m-value.

What could be the advantage to accelerating unfolding during translation versus
decelerating folding? During translation, the nascent chain has time to sample
conformations it otherwise would not, as the full sequence of the protein has not yet
been synthesized. The energetics of hydrophobic collapse, however, make burial of
hydrophobic side chains quite favorable. The nascent chain could, then, potentially
collapse to kinetically trapped translational intermediates. Interestingly, only on-pathway
co-translational intermediates or the abrogation of off-pathway intermediates have been
observed on stalled nascent chains or co-translationally®>*’. The cell therefore has two
choices: decrease the folding rate so potential hydrophobic collapse occurs more
slowly, with the hope that enough sequence emergences so that the protein can avoid
toxic states; or to accelerate the resolution of those states in the first place. Since the
destabilization we have measured so far is on the order of 10-fold, and translation is at
least 100-fold slower than secondary and tertiary structure formation, decelerating
folding would not provide enough time for peptide synthesis to occur to avoid collapse.
This then leaves us with accelerating the unfolding of potential misfolds. Data in
Chapter 2 and this chapter suggest that this is done by decreasing the energy
difference between the folded and unfolded states (thus lowering the barrier to the
unfolded state). Still, the nature of the unfolding rate acceleration we observe here and
the destabilization reported in Chapter 2 remains unknown. With these techniques in
hand, however, we are now poised to begin answering deeper questions about co-
translational folding, the ribosome, and eventually, protein folding in the cell.

3.9 Materials and Methods

Sample preparation:

50uL IVT reactions without release factors (PURExpress, NEB) were initiated by
addition of 500ng plasmid DNA in the presence of 2.5uL Flourotect Greenlys tRNA
(Promega) and 2uL RNase inhibitor, murine (NEB).

Preparation of samples off the ribosome or without a SecM sequence:

Samples were incubated for 1 hr at 37°C before adding chloramphenicol to 2mM and
RNase A to a final concentration of 0.1 mg/mL. These samples were then incubated at
room temperature overnight and spun at 21000xg for 30 minutes at 4°C. The
supernatant was then used for pulse proteolysis.

Preparation of RNCs:

After incubation for 30 minutes to 1 hour at 37°C, IVT reactions were loaded onto a
125uL 1M sucrose cushion in 25mM HEPES pH 7.5, 15mM MgOAc, 150mM KCI, 2mM
DTT (HKM+DTT) and centrifuged at 200,000xg for 40 minutes at 4°C. Supernatant was
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aspirated and ribosome pellets were washed three times with 200uL HKM+DTT.
Pellets were then resuspended in 35uL of HKM +DTT (see Figure 2.9).

Pulse Proteolysis:

For protein purified from E. coli, pulse proteolysis was conducted as previously
described in HKM+DTT. For released or stalled nascent chains, 22.5uL of sample was
mixed into a final volume of 170uL in HKM+DTT to the desired urea concentration to
initiate refolding. Samples were then aliquoted into 10uL increments and pulsed with
1uL of 6.8mg/mL Thermolysin for one minute. 8uL of reaction was then quenched into a
new tube with 3uL of .5M EDTA. pH 8.0. After pulse proteolysis, RNase A was added
to 0.1mg/mL to each reaction and incubated at 37°C overnight to digest any remaining
peptidyl-tRNA. For IVT reactions off the ribosome, RNase A was added to a final
concentration of 0.1mg/mL and incubated 15 minutes at 37°C. Samples were then
mixed with SDS-PAGE loading dye and loaded onto 4-12% Bis-Tris gels
(ThermoFisher, Waltham, MA). Gels were run in MES buffer and imaged with a
typhoon (GE, Schenectady, NY) using a 488nm laser and 520BP filter. Analysis and
quantification of gels was done using ImagedJ as described previously?**°. Urea
concentrations were measured using a refractometer as described previously?>6.
Fitting was done in Matlab.

CD

For unfolding experiments, protein was incubated in HKM+0.1mM TCEP (HKMT)
overnight at room temperature. Protein was diluted 1:20 into HKMT+urea to reach the
desired final urea concentration. All experiments were performed with manual mixing at
a protein concentration of 100pg/mL in a .5cm cuvette and monitored at a wavelength of
225nm to increase signal to noise. Analysis of data was performed as in%°, Fitting was
done in Matlab.
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3.11 Figures
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Figure 3.1 — Pulse proteolysis can be used to measure unfolding rates. (a) Protein
unfolding is initiated by diluting native protein into a urea containing solution. (c)
Traditionally, this unfolding reaction would be observed through some spectroscopic
method over time and a rate would be calculated and plotted as a function of urea
concentration. For pulse proteolysis (b), the unfolding reaction is aliquoted and protease
is added at specific time points and subsequently quenched (d). After the reaction is
complete, each time-point is run on a gel and a rate is calculated. This is repeated at
various urea concentrations and the log of the rate is plotted as a function of urea
concentration to determine the unfolding rate in no urea and the unfolding m-value.
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Figure 3.2 — Pulse proteolysis of in vitro translation protein accurately
recapitulates unfolding rates of purified protein using CD. (A) Unfolding traces at
different urea concentrations as obtained by pulse proteolysis. (B) Unfolding traces
obtained by CD at two different urea concentrations. (C) Plot of the natural log of the
unfolding rate as a function of urea. Fit and black circles are obtained using pulse
proteolysis of in vitro translated protein, white circles with black outline are CD unfolding
data with purified protein and are not used to generate the fit.
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off (grey) the ribosome. Lines are fits to the data. (B) RNase H 153D both on (green)
and off (grey) the ribosome. Lines are fits to the data. (C) Gels of RNase H 153D/D10A
data on and off the ribosome. Gels for 153D are available in Figure 2.5. Gels and traces
are representative of three separate experiments.
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Figure 3.5 — Unfolding of RNase H 153D both on and off the ribosome as
determined by pulse proteolysis. (A) Unfolding experiments at a final concentration of
2.0 (dark green), 1.75 (green), 1.5 (light green) molar urea. (B) Unfolding experiments
at a final concentration of 5.5 (dark grey), 5.0 (grey), 4.5 (light grey) molar urea. (C) Plot
of the natural log of the observed rate versus urea concentration. Green (on ribosome)
and grey (off ribosome). (D) and (E) Gels for data shown in (A) and (B).
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shown in (A) and (B).
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3.12 Tables

Table 3.1 — Unfolding parameters of RNase H 153D/D10A determined by CD

(Connell et al.?®) and pulse proteolysis
Kunt (s€C™") myu (kcal-mol™-M™)
CD (Connell et al.?®) |8.1x10® 0.56
Pulse Proteolysis 1.6+0.70x10° 0.43+0.7
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Table 3.2 — Determination of stability for RNase H 153D-(GS)s-SecM and RNase H
153D/D10A-(GS)s-SecM both on and off the ribosome

Cm,on Cm,off AAGon-off

(urea, M) (urea, M) (kcal-mol™)
RNase H 153D-(GS)s-SecM 1.65+0.10 2.14+0.13 -1.22+0.16
RNase H 153D/D10A-(GS)s- 3.38+0.10 3.87+0.04 -1.03+0.03
SecM
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Table 3.3 — Determination of the unfolding rates of RNase H 153D-(GS)s-SecM both

on and off the ribosome

Kunt (sec™)

mnu (kcalmol'M™)

153D.4 (Spudich et al.)*

6.3+5x10°

0.5+0.1

|53 Doff

2.95+1.9x10°

0.48+.06

153Don

2.74+9.1x10™

0.61+1.5
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Table 3.4 — Determination of the unfolding rates of DHFR V75R-(GS)s-SecMboth
on and off the ribosome

m (kcal-mol™-M™) Kunt (seC™)
CD 0.27+0.07 1.1+0.14x10°
Pulse Proteolysiso 0.51+0.12 2.1+0.1x10™
Pulse Proteolysison 0.48+0.40 5.0+4.1x10™
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Chapter 4
The ribosome vastly re-orders HaloTag folding to avoid an aggregation-
prone folding intermediate and increase folding efficiency

4.1 Abstract

Precise protein folding is necessary for the function of most proteins, and inaccurate protein
folding (misfolding) is implicated in a wide-range of diseases. For many proteins, folding begins
during synthesis, and it has recently become appreciated that protein quality control at the
ribosome is essential for maintaining cellular proteostasis. With only a handful of exceptions,
however, the current biophysical view of nascent chain folding is based either on experiments in
the absence of translation (stalled nascent chains) or low-resolution studies that do not describe
general biophysical properties of proteins. Thus, there exists both a lack of detailed mechanistic
data for how steps in the folding process change during translation and a lack of biophysical
data that are directly comparable to state of the art protein-folding simulations and experiments.
Here, we develop and utilize a new, high-throughput model system for monitoring protein folding
kinetics during translation using the protein HaloTag. Furthermore, we structurally and
kinetically characterize HaloTag’s folding pathway during both translation and refolding. We find
that translation abrogates a fast-forming, aggregation-prone intermediate that is otherwise
present during refolding and demonstrate that translation itself is enough to change HaloTag’s
folding pathway and increase its folding efficiency. These results further our understanding of
how the interplay between folding and translation can guarantee the folding fidelity of the
proteome.
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4.2 Introduction

Protein folding is essential for the function of almost every protein in the cell and
protein misfolding can cause cell death and disease'. Ever since Anfinsen
demonstrated that the information for a protein’s fold is contained in its primary
sequence, the role of translation and its implications for protein folding have been under
investigation®. However, detailed mechanistic information about the folding process is
usually obtained from in vitro refolding studies: unfolding proteins using denaturant and
then observing their refolding while the entire polypeptide sequence is available. This
has the potential to be very different from co-translational folding = because the
timescale for secondary and tertiary structure formation (msec-sec) is much shorter
than translation (minutes), the developing nascent chain has the opportunity to explore
unigue regions of the energy landscape. Furthermore, many long-range native contacts
(such as beta-sheets) are prohibited from forming in the early stages of translation as
the amino acids involved are either not yet synthesized or are still within the ~1 00A long
ribosome exit tunnel.

Indeed, in the last two decades, co-translational folding has been implicated in
changing nascent chain folding efficiency, folding speed, and quaternary structure
formation when compared to in vitro refolding from denaturant or protein assembly from
individually purified subunits'®'°. While it is clear that direct interactions with specific
chaperones play an important role in the in-vivo folding process, understanding the
process of translation and the ribosome itself also has the potential to reveal general
and ubiquitous strategies for protein quality control. For instance, intermediates that
form uniquely during co-translational folding are implicated in the efficient folding of
several proteins (e.g. Fedorov and Baldwin, 1999; Frydman et al., 1999) and ribosome-
obligate intermediates have been detected'”'®. In light of recent advances towards
understanding a protein’s trajectory towards toxic aggregates‘g‘zz, this presents a
conundrum: translation allows the nascent chain time to populate partially-folded
intermediates; at the same time, such partially folded states are often themselves on-
pathway toward toxic aggregates. Indeed, inhibition of nascent chain quality control
machinery in eukaryotic cells can lead to the formation of large inclusions®*2°,

How do proteins avoid non-native traps during translation? Does ribosomal
occlusion of residues separated in sequence space, but not in structure, prevent
aggregation that would otherwise occur during in vitro refolding experiments or after
ribosomal release? To address these questions and investigate the role of the ribosome
and the process of translation in protein folding, we need new tools that go beyond
probing the conformations of stalled nascent chains, and monitor the kinetics and
conformations of the nascent chain folding trajectory during translation.

Here, we develop and utilize new tools to monitor cotranslational folding of the
protein Halotag in order to probe the role of co-translational folding and its potential to
alter a protein’s folding pathway to help avoid aggregation-prone intermediates.
HaloTag is a modified haloalkane dehalogenase from Rhodococcus sp. ( Promega
(Madison, WI)) and is commonly used as a tool for in vivo imaging. HaloTag presents a
unigue and highly-multiplexable model system:; it is a 35 kilodalton (kD) single domain
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protein engineered to covalently bind ligands functionalized with a variety of
flourophores and other small molecules. We first demonstrate that HaloTag is a viable
model system for measuring co-translational folding rates using fluorescence
polarization (FP). Next, we use both circular dichroism and pulse-labeling hydrogen
exchange to characterize the refolding trajectory of HaloTag. Then, by monitoring both
processes (co-translational folding and traditional refolding) using pulse proteolysis, we
determine that de novo folding of HaloTag is more efficient than refolding. Finally, we
demonstrate structural differences between these two folding processes by monitoring
cysteine accessibility during both refolding and in vitro translation. We conclude that
the different conformations sampled during these two folding processes alter its folding
efficiency.

4.3 HaloTag refolding can be monitored by fluorescence polarization

In its native conformation, HaloTag covalently binds commercially available ligands
functionalized with a variety of fluorescent dyes. The reported second order rate
constant for ligand binding is ~ 2.7x10° M™'sec™ %, corresponding to a rate of ~2.7 sec™
at 1uM-5uM protein (the protein concentrations used here). Thus, if the folding of
HaloTag is much slower than 2.7 sec™, we can monitor the concentration of folded
protein by measuring the amount of functionalized ligand (hereafter called TMR-ligand)
bound to the protein. To measure the amount of TMR-ligand bound to HaloTag as a
function of time, we use fluorescence polarization (FP), which reports on the relative
tumbling time (overall dimensions) of the measured flourophore. Figure 4.1C shows the
dramatic increase in the fluorescence polarization signal when TMR-ligand is mixed with
folded (OM Urea) HaloTag as compared to unfolded HaloTag (8M Urea), consistent with
selective covalent modification of native protein. It is important to note we do not
observe any transient associated with the signal change when we add native protein,
confirming that the binding reaction is complete within the dead-time of our experiment
(10 sec). Next, we rapidly diluted the unfolded HaloTag (8M Urea) 10-fold into folding
conditions (0.8 M Urea) in the presences of TMR-ligand to see if HaloTag refolding is
slower than the rate of ligand binding (~2.7 sec™). Under these conditions, HaloTag
folds at a rate of 4.79+0.61x10™ sec™ (ki H20.Fp) OF about 10,000 times more slowly than
ligand binding (Figure 4.1D, Table 4.1), as measured by FP. This was confirmed by
circular dichroism (see below). Thus, the amount of TMR-ligand-Halo complex is directly
proportional to the amount of folded protein at any time during the refolding reaction and
folding can be monitored using fluorescence polarization.

4.4 Co-translational folding can be monitored by fluorescence polarization

The wavelength of TMR-ligand fluorescence (576nm) is far away from the intrinsic
fluorescence of most biomolecules. Therefore, unlike most other standard
measurements of protein folding, such as CD or tryptophan fluorescence, the folding of
HaloTag can be monitored in the presence of other proteins and biomolecules. Thus,
we applied the same fluorescence polarization strategy to monitor HaloTag folding
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during in vitro translation. In this case, instead of diluting from high urea, a coupled in
vitro transcription/translation system was initiated by the addition of plasmid DNA
containing the HaloTag sequence under control of a T7 promoter directly in the
fluorimeter. The kinetic trace (Figure 4.2A) shows two phases: (1) a lag phase where
there is no increase in polarization and (2) an exponential phase, where the
fluorescence polarization increases as a function of time and reaches a maximum.
Fitting these data yields a rate of 4x10™sec™, very close to the rate observed when
folding is monitored after dilution from urea. Herein we will refer to refolding from dilution
simply as refolding and co-translational folding as folding or de novo folding). As a
control, the same experiment was carried out using the DNA encoding the protein
DHFR, which should not bind the TMR ligand; in vitro translation of DHFR shows a very
slow linear increase in the polarization signal, likely due to evaporation over time.
Importantly, for HaloTag, only the final polarization value and not the rate is dependent
on the concentration of TMR-ligand (Figure 4.2B, Table 4.2).

4.5 The co-translational folding rate is not limited by translation

The above co-translational experiments monitor the production of native HaloTag.
Is the observed rate related to protein folding or protein production? To address this, we
monitored the time dependence of protein production using a gel assay: we quenched
in vitro translation reactions performed in the presence of tRNA-BODIPY-Lysine
(Promega; Mallam and Jackson, 2012) with RNase, EDTA, and chloramphenicol at
specific time points and determined the amount of full-length HaloTag by in-gel
fluorescence (Figure 4.2A and D). Translation displays a similar two-phase behavior to
the change in polarization signal, but the translation lag phase is significantly shorter
than the folding lag phase. This lag phase represents the time it takes to synthesize a
detectable amount of unfolded protein and is 275+57.2 seconds long, corresponding to
an average translation rate of about one amino acid per second, slower than in vivo
translation, but similar to translation rates in other in vitro systems 2830 | comparison,
the lag time observed for the change in polarization is an order of magnitude larger than
the translation lag time, 2009.3+72.7 seconds (See Table 4.2). In addition, we also
halted translation by the addition of Neomycin, an antibiotic that inhibits translation, at a
time were there should be significant amounts of unfolded protein. If increases in FP
were due to folding, and not translation, then we would expect to observe an increase in
FP even after the addition of Neomycin. This is precisely what we observe after
addition of neomycin after 4500 seconds of translation time (Figure 4.2C). Thus, we
can conclude that folding is not limited by the rate of translation and the change in
fluorescence polarization is due to folding of HaloTag. Interestingly, the exponential
phases of both translation and folding are similar in rate, although clearly translation
occurs much earlier than folding.

4.6 HaloTag aggregates when refolded < 1.0M Urea

We next characterized the folding landscape of HaloTag using circular dichroism in
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order to compare refolding and de novo folding. Equilibrium urea-induced denaturation
revealed a single cooperative unfolding process. Fitting this transition using a two state,
linear extrapolation yielded a AGyns = 6.03+0.39 kcal mol™" and m-value of 1.57+0.1kcal
mol” M"(Figure 4.3D and 4.3E). It is interesting to note that this m-value is about two-
fold lower than that expected for a protein of 35kD®'. Often a smaller than expected m-
value is a sign that the process is not two state, with the presence of a hidden
equilibrium intermediate, which can often be detected by monitoring with a different
probe. However, monitoring equilibrium denaturation with intrinsic fluorescence
(following tertiary structure as compared to secondary structure) revealed the same
equilibrium m-value and stability as those measured using CD (Figure 4.4).

We next examined the kinetics of refolding and unfolding using CD. Figure 4.3
shows the resulting chevron plot (the observed rates as a function of [Urea]). Unfolding
experiments revealed an apparent rollover at high concentrations of urea, evidence that
an intermediate may be populated during unfolding (Figure 4.3C,G). There is also
evidence of a burst-phase in the unfolding regime (Figure 4.3G), but global fitting to a
three-state model did not significantly reduce uncertainty compared to a two-state
kinetic model (See Table 4.1). Folding studies revealed two phases, a fast-folding
phase and a urea independent slow phase (Figures 4.3A-C, F-G). Often, urea-
independent folding phases are due to cis-trans proline isomerization. However,
refolding and in vitro translation folding experiments in the presence of the proline
isomerase Cyclophilin A revealed no change in the measured folding rate (Figure 4.5).
To our surprise, HaloTag did not refold efficiently below 1.0M urea, displaying altered
folding kinetics and visible precipitation after at least 300 seconds of refolding time
(Figure 4.3A). It is important to note that at urea concentrations of under 1.0M,
aggregation occurred after an initial decrease in signal intensity that has a similar rate to
the fast refolding phase observed in non-aggregating conditions (Figure 4.3A).

4.7 Co-translational folding is more efficient than refolding

Since refolding to a final concentration below 1.0M Urea resulted in visible
aggregation (Figure 4.6), we wondered if such aggregation occurred during
cotranslational folding and decided to determine the folding efficiency of the two
processes. First, to determine the amount of protein that forms aggregate we separated
the soluble and insoluble fractions of the refolding reaction using centrifugation,
resuspended the insoluble pellet in the original volume of 8M urea and determined the
fraction of native protein in the supernatant versus that in the pellet using in-gel
fluorescence. Using this approach, we find that 70+6% of the protein remains in the
soluble fraction (Figure 4.7A). To determine the fraction of folded protein after refolding,
we turned to pulse proteolysis®.

Pulse proteolysis is a gel-based method for measuring the amount of folded
protein in solution that takes advantage of the fact that unfolded proteins are more
susceptible to proteolysis than folded proteins. Protease (here, thermolysin) is added to
an equilibrium mixture of protein for an amount of time sufficient to degrade all the
unfolded proteins, but short enough that folded proteins remain intact. Then, the
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sample is run on a SDS-PAGE gel and the band corresponding to the full-length protein
is a direct measurement of the amount of folded protein in a given condition as long as
the protein unfolding-rate is slower than the pulse length.

When we performed pulse proteolysis on HaloTag brought from zero to 0.8M urea,
we found no change in the amount of folded protein. In contrast, when Halo was
refolded from 8.0M to 0.8M urea, the fraction of folded protein as measured by pulse
proteolysis matched that of the amount in the supernatant after centrifugation— 0.73+0.3
versus 0.70+.0.06 respectively (Figure 4.7B).

Is cotranslational folding also inefficient? To evaluate the folding efficiency of
HaloTag after in vitro translation, we initiated IVT reactions, quenched them with
chloramphenicol and RNase A after two hours and after equilibration overnight
assessed the amount of folded HaloTag in solution using pulse proteolysis. In contrast
to HaloTag refolding, we found de novo folding to be significantly more efficient (p<.01,
student’s unpaired t-test; n=15): 0.91+0.03 versus 0.70+.06 (Figure 4.7B, Table 4.3).
This effect is unlikely due to differences in protein concentration between refolding and
in vitro translation reactions as the protein concentration during in vitro translation is
greater than the protein concentration during refolding (>5¢M and 3uM respectively; see
Figure 4.2B). To rule out differences between in vitro translated protein and protein
produced in E. coli, we refolded in vitro translated protein and determined its refolding
efficiency to be more similar to that of purified protein (0.69+0.06; Figure 4.7B).
Additionally, refolding by dialysis also resulted in visible aggregates and a fraction of
folded protein equal to 0.74+0.1 (Figure 4.7B). Since there are no chaperones present
during in vitro translation and there is still an observable transient before aggregation
takes place as observed by CD, we hypothesized that the aggregation could be due to
self-association of a fast-forming intermediate and that the ribosome could be occluding
distant regions of the protein which form interactions necessary for formation of this
intermediate. We then proceeded to characterize which regions of HaloTag fold first
using hydrogen exchange mass spectrometry (HX/MS).

4.8 Following the refolding trajectory using HX-MS

To monitor the refolding trajectory of HaloTag at a structural level, we followed
refolding using HX-MS under conditions where no aggregation is detected (a final urea
concentration equal to 1.6M). Refolding of HaloTag was initiated by dilution of
deuterated protein into 1.6M urea in HKMT at 10C. At various refolding times, a short
(10ms) pulse of high pH is used to initiate hydrogen exchange followed by a quench to
pH 2 at 10C. After quenching, the protein was immediately fragmented with pepsin and
fungal protease and subjected to LC/MS. If an amide-deuterium is unprotected during
the pulse, it will exchange with hydrogen resulting in an apparent mass decrease of
peptides containing that residue. Thus, changes in the mass of a specific peptide is a
measure of backbone amide accessibility at that particular time-point in refolding®®?.
Although we obtained 360 peptides with greater than 98% coverage fo the protein, we
only used peptides which were present at all time points in our analysis, limiting our
dataset to 104 peptides. These peptides, however, still have >90% coverage of the
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entire protein. Figure 4.8A shows the median fraction deuterated for each peptide at
each time point. The peptides can be separated into two populations, those which are
at least 50% deuterated by 10 seconds after initiation of refolding (“fast”, red) and those
that are not (“slow”, blue). This distinction is maintained at later time points and a
larger proportion of “fast” peptides have plateaued by 300 seconds than “slow” peptides.
Plotting the protection of each peptide as a function of time also clearly reveals these
two separate populations (Figure 4.8B). We then mapped these peptides onto the
structure of HaloTag.

The structure of HaloTag, like many dehalogenases, is made up of, a Rossman
fold, which serves as a structural scaffold for its active site, with a large, completely
alpha-helical insertion between residues 129 and 236 that forms a lid over the active
site which confers substrate specificity. Almost the entire Rossman fold is protected
within ten seconds of refolding (B-strands 1-3, 5-7 and a-helices A, C, | and L) (Figure
4.8A-C). In contrast, the entire lid domain (residues 130-235, a-helices D-1) as well as
B-strand 8 are protected much more slowly (Figure 4.8A-E). These data suggest that
the fast-folding phase we observe by CD is due to collapse of most of the Rossman fold
and that the slow folding phase is the folding and docking of HaloTag’s lid domain.

4.9 The folding pathway of HaloTag is altered during translation

The HXMS experiments outlined above are not feasible for studies of
cotranslational folding due to the large pH jumps required for labeling. Therefore, to
compare the refolding trajectory determined above with the cotranslational folding
trajectory of HaloTag we measured cysteine accessibility during both IVT and refolding
experiments. We monitored cysteine accessbility using a fluorescein conjugated
malemiede (FSM) that can be read out using in-gel fluorescence. This method has two
advantages: (1) HaloTag contains two buried cysteines that are completely protected in
the folded state (Figure 4.1 and Figure 4.9A and B) and (2) Fluorescence can be read
out on an SDS-PAGE gel, providing both high sensitivity and separation of all labeled
products by size.

HaloTag’s two cysteines are positioned at the base of two beta-strands, 34 and
B8. In refolding monitored by HXMS, B4 shows intermediate behavior — it is protected
more slowly that the fast folding phase, but faster that the slow folding phase; B8 is part
of the slow-folding phase. Both cysteines are good probes of folding — they are
completely protected in the folded state and fully labelled within 30 seconds in the
unfolded state (See Figure 4.9 and Figure 4.10). We probed these cysteines during
refolding in non-aggregation conditions using a time course of 30-second pulses with
FSM (Figure 4.9A). The data were best fit using a double exponential, with a fast
phase of .03+.02 sec™ and a slow phase of 7.8+0.6x10“sec™ (See Table 4.1). These
values are within two-fold of HaloTag’s fast folding (0.04+0.02 sec™") and slow folding
rates (6.6+.71x10™ sec™) as determined by CD. These same cysteine residues were
monitored during co-translational folding: we initiated an IVT reaction, halted further
translation with the addition of chloramphenicol after 45 minutes, and probed cysteine
accessibility with FSM as a function of time (Figure 4.9A). Unlike the time course
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observed during refolding, cysteine protection followed a single exponential
indistinguishable from HaloTag’s slow folding rate during refolding (See Table 4.1).
There was no evidence for a fast-folding stage involving these cysteines.

We then created site-specific cysteine residues to probe the very early stages of
folding: Halo** E121C, Halo** 1126C and Halo** M129C. Halo** is a cysteine-free
version of Halo where its two native cysteines have been mutated to alanine. All three
variants bind TMR and display similar folding kinetics as WT HaloTag (See Figure
4.11). Residues 126 and 129 are both buried and located on 86, which HX-MS reveals
to be protected before 10 seconds of folding time (See Figure 4.8A-C). Halo** E121C
probes the surface of HaloTag and serves as a positive control. Again, we followed the
time trajectory of protection for all three sites during both refolding and co-translational
folding. During refolding, both Halo** 1126C and M129C are protected within the burst
phase of the experiment (black dots, Figure 4.9B-C). The final level of protection (20%
of unfolded) is consistent with that expected from studies on the folded state (Figure
4.12). (1126C and M129C are only protected to 20% of unfolded in 1.6M urea). Thus,
cysteine accessibility is a good probe for the collapse of 36 as it recapitulates the HXMS
data. In contrast, Halo** E121C remains unprotected throughout the entire time
trajectory (Figure 4.9D). Thus, the time course of protection of Halo** 1126C and
M129C reports on the collapse of an early intermediate during HaloTag refolding. We
next probed Halo** E121C, [1126C and M129C cysteine protection during in vitro
translation. Surprisingly, cysteines in Halo** 1126C and M129C do not show immediate
protection and instead show a time-dependent transient with a similar rate to that of
overall HaloTag folding (as in WT, compare Figures 4.9 B-C to 6A, and see Table
4.1). Again, as expected, Halo** E121C, is continually accessible (Figure 4.9D). From
these data, we conclude that translation prevents the formation of an early, collapsed
folding intermediate seen during in-vitro refolding and is likely responsible for the
increased co-translational folding efficiency (see below).

4.10 Discussion

Here, we have shown that the ribosome and the vectorial process of translation
can modulate the folding efficiency of HaloTag by changing the folding trajectory of the
protein. When HaloTag is refolded, it populates a fast forming intermediate that involves
residues distant in sequence space contacting each other. Furthermore, a significant
portion of the protein remains unfolded in the possible presence of a large exposed
hydrophobic surface. Helix B and B-sheet 4 are unprotected during formation of the
Rossman fold core despite the fact they both make critical contacts with the 31, B2, and
aC (Figure 4.8E). Furthermore, peptides corresponding to these regions do not fall
clearly within either “slow” or “fast” categories (Figure 4.8B). We hypothesize this is
because B4 and aB are connected by a >15 residue linker that forms contacts with the
slow-folding al, which must dock in order for there to be full protection. Thus, during the
early steps of folding not only is there a large segment of the protein that is completely
unprotected (aD-I, the lid domain), but there is also a large amount of exposed
hydrophobic surface area (31-3 and aC). We hypothesize that the formation of most of
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the Rossman fold before the docking of either the lid domain or B4 and aB provides an
exposed hydrophobic surface that leads to aggregation during refolding. During
translation, however, the Rossman fold cannot form, as it involves residues on both the
N-terminus and C-terminus of the lid domain, meaning that the entire lid must emerge
from the ribosome and (by extension) have time to fold before the Rossman fold can
completely collapse. Thus, docking of the lid and B4 and aB4 could occur concurrently
or before formation of the Rossman fold, therefore inhibiting aggregation (Figure 4.13).
Unfortunately, characterization of transient folding intermediates during in vitro
translation remains a challenge and we lack structural insight into HaloTag’s on-
ribosome folding intermediates.

The idea that translation may change the trajectory or even the final conformation
of a protein is not new and our data is consistent with several other studies exploring
how translation changes the folding efficiency and/or rate of protein folding '%'>3%%¢ " |t
is interesting to consider our data in the light of several new studies which show that the
ability to access transient intermediates is a major determinant for the formation of toxic
aggregates associated with protein variants that cause neurodegenerative disease
19212237 -~ Our data suggest that the process of translation may add a layer of
robustness to the folding process by preventing the formation of aggregation-prone
conformations.

In addition to having a unique folding landscape, HaloTag is also a promising
model system for studying co-translational folding. Since we now know which
secondary structural elements fold when, it should be possible to compare HaloTag’s
folding trajectories not just to those during translation but in the presence of chaperones
and other biomolecules. Furthermore, we have reported here that HaloTag folding can
be measured by ligand binding and thus folding experiments can be performed with
high-throughput and in the presence of many other biologically active molecules. This
will enable groups to systematically investigate the translational machinery and
determine each component’s effect on HaloTag folding. Hopefully these types of
unbiased approaches will lead to the discovery of general and quantitative rules that
govern not only protein folding during translation, but protein folding in other high
complexity environments.

4.11 Materials and Methods
HaloTag and mutant growth and purification

Growth

BL21(DES3) cells were transformed with expression vectors containing the wild-type or
mutant HaloTag cDNA. Single colonies were used to seed starter cultures grown
overnight to saturation. Large scale cultures were inoculated with 5mL of overnight
culture, grown at 37 C to an OD600 of 0.6-0.8 and induced with 1 mM IPTG for 2-3
hours at 37 C. After induction, cultures were pelleted at 5000 x g for 10 minutes at 4C,
flash frozen and stored at -80C.
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Purification

Cell pellets were resuspended in 10 mM Tris/H2SO4, pH 7.5, 1 mM TCEP (Lysis Buffer)
and lysed by sonication on ice. Lysates were cleared by centrifugation for 30 minutes at
20,000 x g, 4°C and subsequently filtered through 0.2 ym filters. After clearing, lysate
was dialyzed into at least a 10-fold volume excess of Lysis Buffer, loaded onto a HiPrep
16/10 Q Xl column equilibrated with Lysis Buffer and eluted with a gradient of Lysis
bBuffer plus 0 to 600 mM NaCl. Fractions containing the HaloTag protein were dialyzed
into into at least a 10-fold volume excess of 20 mM Sodium Acetate, pH 5.0 (Q Buffer)
loaded onto a HiPrep 16/10 Q Xl column equilibrated with Q Buffer and eluted with a
gradient of Q Buffer plus 0 to 800 mM NaCl. Fractions containing HaloTag protein were
then concentrated and purified on a HiLoad 16/600 Superdex 75 pg column equilibrated
with 50 mM ammonium bicarbonate or 25mM HEPES KOH pH 7.5, 15mM MgOAc,
150mM KCI, 0.1mM TCEP (HKMT) and the fractions with the retention volume
corresponding to the size of monomeric HaloTag were either lyophilized (ammonium
bicarbonate runs) and subsequently stored at -80C or concentrated and immediately
used for experiments (HKMT runs). All lyophilized protein was resuspended in HKMT
and spun filtered before use in experiments.

Fluorescence Polarization

Data Collection

All experiments were performed at 37C unless otherwise noted. Fluorescence
polarization was performed on a BioTek Ssynergy Nneo2 plate reader in 384-well, black
flat bottom plates for IVT reactions (Corning) or 96 well clear flat bottom plates
(refolding experiments). Acquisitions were collected using polarizers as well as a
530nm/590nm filters with side gain set at 45 and top gain set at 40. Read height was
7.5mm and 10 measurements were made per data point. After a 15 minute incubation
at 37C, readings initialized by the addition of DNA or ribosomes (IVT reactions) or
unfolded protein (refolding experiments) were taken every 20 seconds for five hours
after thirty seconds of mixing and a 90 second delay for temperature equilibration.

IVT Reactions

IVT reactions were set up on ice as per the manufacturer’s protocols for a 30uL reaction
with the addition of 1uL RNase inhibitior, Murine and 1uL of 300uM TMR (in 100%
anhydrous DMSO, for a final concentration of 10puM) and pipetted into wells. Plates
were covered with clear titer-tops to prevent evaporation and equilibrated at 37°C for 15
minutes. Reaction were initiated with 2uL of 125ng/uL plasmid DNA.

Refolding Experiments

Refolding experiments were performed in HKMT buffer plus appropriate concentrations
of urea and TMR added to 54M so the concentration of DMSO was 3.33%. Plates were
sealed and incubated at 37C for fifteen minutes until reactions were initiated by adding
10pL of 20uM HaloTag in 8M urea that had been incubated at 37°C for at least 12
hours. Refolding traces were fit to the following equation in Matlab, using bi-square
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fitting and “k” bounded at zero:

Urea concentrations were measured using a refractometer as previously described (ref).
Circular Dichroism

Kinetic and equilibrium were performed using a 0.5cm cuvette at 37C with constant
stirring at 3uM (0.1mg/mL) in HKMT buffer. Equilibrium and kinetic experiments were
performed as previously described®®, but at a wavelength of 225nm instead of 222nm to
increase signal-to-noise. Analysis was performed as described®.

Wavelength experiments were performed in a 0.1cm cuvette at 37°C with 15uM protein
(0.5mg/mL) in HKMT buffer).

Determination of Folding Efficiency

All reactions were performed at 37°C at a final concentration of 3yM protein in HKMT
buffer unless otherwise noted.

Centrifugation assay

Proteins were refolded by the dilution of protein in 8M urea to the proper urea
concentration and allowed to reach equilibrium for at least 12 hours. Samples were then
centrifuged at 21130xg for 30 minutes and the supernatant was carefully removed. The
pellet was resuspended in an equal volume of 8M urea. Both the supernatant and pellet
were then mixed with 6x SDS-PAGE loading dye and run on a 4-12% Bis Tris gel in
MES run buffer and subsequently stained with SYPRO Red for 30 minutes in 10%
acetic acid. After destain in 10% acetic acid or an hour, gels were imaged using a
Typhoon Trio (GE) and analyzed with imageJ.

Pulse Proteolysis

IVT reactions were performed as per the manufacturers instructions but with the
addition of 1uL of RNase inhibitor, murine and 1.25uL Flourotect Greenlys (Promega)
per 25uL IVT reaction. IVT reactions were quenched after 1 hour to a final
concentration of 2mM Chloramphenicol and 0.1mg/mL RNase A. Refolding
experiments were performed as described above. IVT reactions and refolding reactions
were allowed to reach equilibrium for at least 12 hours. Subsequently, reactions were
aliquoted to 10uL and 1uL of Tmg/mL Thermolysin (Sigma) was added to each reaction
for 1 minute and quenched with EDTA to a final concentration of 83mM. SDS-PAGE
loading dye was then added to each reaction and then run on a 4-12% Bis Tris gel in
MES run buffer. Imaging and analysis was performed as described previously*®.

Refolding of IVT translated protein
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IVT reactions were performed and quenched as described above. A 10-fold volume
excess of 8M urea in HKMT buffer was then added and mixed to the IVT translation
reaction and allowed to equilibrate at 37C overnight. Reactions were then concentrated
in a 0.5mL 10kD cutoff spin concentrator (Amicon) and diluted to 0.8M urea. After
equilibration at 37C overnight, pulse proteolysis was performed as described.

Translation Rate Measurement

IVT reactions were performed as per the manufacturer’s instructions but with the
addition of 1L of RNase inhibitor, murine and 1.25uL Flourotect Greenlys (Promega)
per 25uL IVT reaction and initiated with 250ng/25uL IVT reaction of DNA. At each time
point, 1.5uL of IVT reaction was quenched into a final concentration of 2mM
Chloramphenicol and 0.1mg/mL RNase A and then SDS-PAGE loading dye. Reactions
were then run on a 4-12% Bis Tris gel in MES run buffer and imaged using a Typhoon
Trio. Analysis was performed using ImageJ.

Cysteine protection assays

Purified protein

Refolding reactions were initiated as described above. At each time point, a 50-fold
excess of flourescein-maleimide (FSM; supplier) was added for 30 seconds and
quenched into an equal volume of SDS-PAGE loading dye containing Beta-
mercaptoethanol to a final BME concentration of 2.15M. Reactions were then run on 4-
12% Bis Tris gel in MES run buffer and imaged using a Typhoon Trio. Analysis was
performed using Imaged. Traces were fit to the following equation in Matlab, using bi-
square fitting and “k” bounded at zero (for those data which displayed exponential
kinetics):

a* (1-e %) +c

Since Halo**E121C cysteine reactivity is time-dependent over the labelling time of the
reaction, intensities after refolding was initiated were normalized to the reactivity at that
labelling time.

IVT reactions

IVT reactions were initiated as described above. At each timepoint, an equal volume of
2mM FSM was mixed with IVT reaction for 30 seconds and quenched into SDS-PAGE
loading dye as above. At 45 minutes, reactions were halted by the addition of
chloramphenicol to a final concentration of 2mM. Reactions were then run on a 4-12%
Bis Tris gel in MES run buffer and imaged using a Typhoon Trio. A sample of labeled
HaloTag was run to determine the size of the Halo-Flourescein band marked with a *’ in
Figure 4.9. Analysis was performed using ImagedJ. Intensities were normalized to a
major protein product running at ~65kD to control for effects of evaporation, fluorescein
bleaching and gel loading. Traces were fit to the following equation in Matlab after
exclusion of points before 45 minutes, using bi-square fitting and “k” bounded at zero:
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Pulsed Labeling HX-MS

QFM refolding reaction protein

The HX-MS pulsed labeling scheme and mass spec measurement used here is similar
to previously described approaches (1). Deuterated protein was prepared by 4 cycles
of drying protein in 8M Urea and resuspension with D>O. For refolding and pulsed
labeling reactions, a Bio-logic QFM-4 is used in an interrupted flow mode to refold and
quickly label unfolded regions of the protein. To initiate refolding, deuterated protein in
high-denaturant buffer (8M urea in HKMT) is diluted with 10 volumes of deuterated
HKMT to a final urea concentration of 1.6M. After a variable delay time to allow
refolding, a high-pH pulse of proteated buffer (200 mM Glycine, 10ms, 5 volumes; final
pH=10.00 final solution is 31% proteated) used to label unstructured regions of the
protein with 'H. The pulse is then quenched by dilution with a low pH buffer (1M
Glycine, 5 volumes; final pH=2.00) to slow the exchange reaction. Protein samples are
then collected and injected into a custom LC/MS system. A folded control sample was
prepared by subjecting deuterated, native protein to the same pulse/quench sequence,
and an unfolded control was measured by performing the pulse/quench on fully
deuterated, unfolded protein.

LC/MS system

A custom HPLC system was used for in-line protease digestion, desalting, and
separation of peptides. Peptides were eluted from the trap column and separated on an
analytical C8 column using an acetonitrile gradient at 17 yL/min. The output of this
system was directly injected into a Thermo Scientific LTQ Orbitrap Discovery using
electrospray ionization.

Data Analysis of HX-MS pulsed labeling

Peptides were identified using a SEQUEST search using Proteome Discoverer 2.0
software. Peptide mass envelopes were fit using HDExaminer (Sierra Analytics)
followed by manual confirmation of each peptide. Deuterium content was assessed by
examination of the centroid of each fitted peptide mass envelope. Only peptides with
high signal/noise ratio at each timepoint were used for further analysis. The raw
number of deuterons protected in each peptide were normalized to folded and unfolded
control samples. Each peptide protection curve was fit to either a single exponential or
sum of exponentials using Matlab and rates were compared between secondary
structures using the crystal structure of HaloTag (PDB 5UY1).
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Figure 4.1 — HaloTag folding can be measured using fluorescence polarization.
(A) X-ray crystal structure of HaloTag (RCSB: 5UY1). Helices colored green, B-sheets
colored blue. In spheres are HaloTag’s two cysteines (residues 61 and 262) as well as
the residue which forms a covalent bond with HaloTag ligands (aspartic acid 106). (B)
Secondary structure representation and labelling of HaloTag colored rainbow from N to
C-terminus. In blue box, is the core Rossman fold which makes up almost all haloalkane
dehalogenases. In green box is HaloTag’s lid domain, which is completely alpha-helical.
(C) TMR fluorescence polarization is increased only in the presence of folded HaloTag
(light blue). TMR in OM urea is in grey; TMR in 8M urea is in black. Unfolded HaloTag
in the presence of TMR in 8M urea is in dark blue. (D) Folding of HaloTag as measured
by fluorescence polarization to increasing urea concentrations (black circle and line).
Error bars are +SD of three experiments. Inset left Raw data showing the change in
fluorescence polarization over time. Dark Turquoise is 0.7M urea and increasing
concentrations of urea are shown until 2.7M urea in dark blue. Inset Right Raw data
showing the change in fluorescence polarization over time. Light blue is 3.3M urea and
traces of increasing urea concentration move down the color gradient until grey, at 5.4M

urea.
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Figure 4.2 - HaloTag folding can be measure during in vitro translation. (A)
Flourescence polarization of HaloTag during in vitro translation (blue circles, black line)
increases as a function of time significantly after translation (black circles, with red line).
In grey is the change in fluorescence polarization as a function of time during in vitro
translation of DHFR which does not bind TMR-ligand. (B) Flourescence polarization as
a function of TMR concentration shows a difference in final intensity but not in rate (also
see Table 1). (C) Flourescence polarization signal continues to increase even after
translation is halted by the addition of Neomycin at 5400 seconds. Data before the
addition of neomycin is shown in light blue, data after neomycin addition is shown in
dark blue. Translation is shown in black with a red line. Errorbars for each panel
represent the SD of three separate experiments. If not shown, error is smaller than each
point.
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Figure 4.3 - Biophysical characterize of HaloTag’s folding landscape. (A)
Representative refolding trace at 0.8M urea, where HaloTag aggregates. (B)
Representative refolding trace at urea concentrations above 1.0M urea. Red line is fit to
a double exponential equation. (C) Chevron showing the dependence of HaloTag
folding and unfolding rates as a function of urea concentration. HaloTag folding occurs
in two phases as measured by CD, a fast phase (black circles) and a constant phase
(white circles, black outline). Folding as measured by FP is shown in blue. Error bars
represent the SD of three separate experiments. (D) CD spectrum of HaloTag at OM
urea. Error bars represent the SD of three separate experiments. (E) Equilbrium melt of
HaloTag (fitting parameters are available in Table S1). (F) Normalized amplitudes of
HaloTag constant phase (white circles, black outline) and urea-dependent fast folding
phase (solid black circles). (G) Burst phase amplitudes for folding (white triangles with
black outline) and unfolding (white squares with black outline) suggest the presence of
an unfolding intermediate. Kinetic final amplitudes (black circles) overlay well with the fit
of equilibrium data (blue line).
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Figure 4.6 — HaloTag aggregates after refolding via dilution from 8.0M urea to the
indicated final concentrations of urea.
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Figure 4.7 — HaloTag folding is more efficient during in vitro translation than after
refolding (A) Fraction of total protein remaining in supernatant after refolding to 0.8M
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Figure 4.8 — Hydrogen Exchange/Mass Spectrometry reveals the structural basis
for two distinct HaloTag folding phases. (A) Peptides were divided into fast or slow
folding regions based on the fraction deuterated at the ten second time point. Mean
fractions deuterated for each analyzed peptide (solid lines) are shown for three time
points, while individual peptides are shown as filled circles. (B) Plot of fraction
deuterated over time for each peptide used in this analysis. Fast in red, slow in blue and
HelixB+B-sheet 4 in green. (C) Structural representation of fast folding regions of
HaloTag (red). Peptides for select regions of the protein are shown for each time point.
Unfolded is in light red and folded is in black. Other time-points are colored as noted.
(D) Structural representation of slow folding regions of HaloTag (red). Peptides for
select regions of the protein are shown for each time point. Unfolded is in light blue and
folded is in black. Other time-points are colored as noted. (E) Structural representation
of Helix-B and B-sheet 4 of HaloTag (green). Peptides for select regions of the protein
are shown for each time point. Unfolded is in light green and folded is in black.
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Figure 4.9 — Cysteine protection reveals that HaloTag cysteine accessibility is
altered during translation. (A) HaloTag native cysteines (yellow spheres) are both
located on slow folding regions of the protein (blue sheets). Asp106 is shown in white
spheres as a reference. Cysteine protection was assessed during refolding (black line,
black filled circles) or after the addition of chloramphenicol during IVT (yellow line,
yellow spheres). (B) HaloTag** M129C (purple spheres) is located on a fast-folding
region of the protein (red sheet). Asp106 is shown in white spheres as a reference.
Cysteine protection was assessed during refolding (dotted line black filled circles) or
after the addition of chloramphenicol during IVT (purple line, purple spheres). Note
immediate protection of M129C during refolding but not during in vitro translation. (C)
HaloTag** [1126C (purple spheres) is located on a fast-folding region of the protein (red
sheet). Asp106 is shown in white spheres as a reference. Cysteine protection was
assessed during refolding (dotted line, black filled circles) or after the addition of
chloramphenicol during IVT (purple line, purple spheres). Note immediate protection of
M126C during refolding but not during in vitro translation. (D) HaloTag** E121C (Green
spheres) is located on an exposed loop (green). Asp106 is shown in white spheres as a
reference. Cysteine protection was assessed during refolding (dotted line, green filled
circles) or after the addition of chloramphenicol during IVT (purple line, purple spheres).
Since E121C is exposed, its accessibility does not change during IVT or refolding. Gels
show cysteine protection during IVT (top, colored) and during refolding (bottom,
grayscale). Labelled HaloTag is shown in red for reference during IVT experiments. All
error bars are SD of three separate experiments. All fits are fit to a single exponential
and represented as solid lines. Dotted lines are guides, not fits.
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Gels for the native state experiment are shown in (B). Gels for the time-dependent
experiment are shown in (C).
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Figure 4.13 — Proposed model of HaloTag folding. During refolding (top), HaloTag
has its entire sequence available and so its beta-sheet core forms quickly with the
exception of sheet 4 and helix B. Since docking of B4 and Helix B is slow, this leads to
self-association of unfolded portions of HaloTag and aggregation. During de novo or
co-translational folding (bottom), the beta-sheet core cannot form and thus there is no
aggregation-prone structure formation leading to increased HaloTag folding efficiency.
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4.15 Tables

Table 4.1 — Summary of kinetic and thermodynamic data of HaloTag and its
mutants.

Thermodynamic Data
AGmer (kcal'mol) 6.03+0.39
m-value (kcal mol'"M™) 1.57+0.11
Kinetic Data
AGiinetic (Kcal mol) 5.24+2.0
m-valuekinetic (kcal mol'M™) 1.41+0.58
kipz0 (sec™) 0.04+0.02
m¢ (kcal mol'M™) 1.4620.71
kconstant, H20 (SeC_1) 6.6+0.71x1 0_4
Mconstant (kcal m0|_1M_1) 0.02+0.1
Kep, Heo (sec-1) 4.7+0.9x10*
mep (kcal mol'M™) -0.1+0.04
ki, Heo (sec™) 8.47+20+10°
mni (kcal mol'M™) -0.44+0.3
kiu, Heo (sec™) 3.3+9.9x10™
mi (kcal mol'M™) 0.70+.15
Cysteine Accessibility
kWT,refoIding, slow (SeC_1) 7.8+0.6+1 0_4
kWT,refoIding, slow (SeC_1) 0.03+.018
129G refolding (S€C™") <0.01
Ki126C refolding (S€C ™) <0.01
Ke121C refolding (S€C™') NA
kT (sec™) 4.7+0.3x10™*
kuizoc,vT (S€C™) 3.2+0.2x10™
ki1z6c,vT (S€C7) 2.2+0.2x10™
Ke121cvT (S€C) NA
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Table 4.2 — Kinetic data obtained for HaloTag using fluorescence polarization
(FP).

Lag Time (sec) Rate (x10™* sec™)
Refolding (polarization) NA 4.79+0.06
Folding (in vitro translation) | 2009.3+72.7 2.67+0.07
Translation 275+57.2 5.78+0.70
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Table 4.3 — Determination of HaloTag folding efficiency under different conditions

Fraction Folded

Number of samples

Native 1.04+0.01 3
Unfolded 0.0006+0.003 3
0.8M refolded 0.73+0.10 15
0.8M dialysis 0.74+0.11 15
IVT refolded 0.69+0.06 15
IVT native 0.91+0.03 15
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Chapter 5
Conclusions: New challenges and open questions in the study of nascent
chain folding

5.1 Where do we go from here?

The idea that translation and folding are coupled at both a cellular-network level
and single-protein level is not new'?. Over the past thirty-or-so years, it has become
clear that protein quality control in the cell is coordinated by a number of factors, and
that those factor differ especially between eukaryotic and prokaryotic systemss"". There
are common themes and organizational centers, however, for dealing with proteostatic
stress and the ribosome serves as a major protestatic coordination center in almost all
organisms whose proteostasis response has been studied in detail®®. Recently, there
has been an increased interest in deciphering the players of both cellular proteostasis
and protein (mis)folding in order to understand and treat a variety of diseases including
Alzheimer’s, ALS and aging "~'°. Our knowledge of how protein chaperones and other
actively regulated cellular machinery modulate their function in response to changing
proteostatic conditions has grown significantly in recent years''. We now have a good
idea which factors play a role in responding to specific types of proteostatic insult. We
still do not have, however, a complete view of a protein’s folding landscape in the cell.
Why do changes in proteostasis lead to production of toxic products? What, at a
physical level, makes a protein conformation toxic or not? Why is translation and the
translational machinery (especially the ribosome) so important for managing
proteostatic stress®? We cannot begin to answer these questions without
understanding how translation and the ribosome alter the folding landscape of the
emerging protein at a biophysical level. Until recently, these questions were answered
for specific systems, using clever techniques that, unfortunately, were not always
applicable to more than one protein'?®.

Here, | have presented two new techniques for studying the interplay between
the ribosome, translation and the emerging nascent chain and revealed some general
properties of nascent chain folding. The first of these, combining pulse proteolysis with
commercially available IVT and fluorescent labelling, provides a robust, general method
for measuring both the stabilities and unfolding rates of ribosome nascent chains. The
second, while dependent on one protein for its read-out, can be used to test the effect of
almost every factor that plays a role in translation, such as the concentration of tRNA
concentration and amino acids, mRNA structure, codon bias and ribosome composition.

5.2 New questions about how the ribosome modulates nascent chain energy
landscapes

In chapter 2, we discovered that the ribosome exerts a destabilizing effect on the
emerging chain and that this destabilization is dependent on the amino-acid distance
between nascent chain and the peptidyl-transferase center (PTC). Then in chapter 3,
we adapted this pulse proteolysis based technique to study the unfolding of a two-state
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RNase H mutant, 153D, and were able to probe whether the destabilization is primarily a
deceleration of folding or an acceleration of unfolding. For RNase H 153D, we found
that it is acceleration of unfolding, rather than deceleration of folding that is more
affected by the ribosome. One explanation for this has to do with the timescales of
translation and folding. During translation, which occurs on the order of minutes, the
nascent chain has time to undergo secondary structure formation and tertiary collapse.
At the same time, the nascent chain physically cannot fold to its native state, as its full
sequence is not synthesized yet. Furthermore, it is energetically favorable for
hydrophobic residues to be buried. Thus, the nascent chain may undergo non-native
collapse during synthesis and that there is the potential for the protein to become
trapped in an off-pathway conformation. The destabilization we observe, and the fact
that it is primarily due to an acceleration of unfolding, suggests that the ribosome has
evolved to promote the resolution of partially folded nascent chain conformations.
Supporting this hypothesis is the fact that Trigger Factor (TF), a prokaryotic ribosome
associated chaperone, is known to “hold-and-unfold” proteins as they emerge from the
ribosome, but only after about 60-90 residues have emerged'”"°. The destabilization
effect we observe is abrogated at the beginning of TF’s range, suggesting a handoff
between the ribosome’s passive destabilization and TF’s active unfoldase role. While
this observation and model are intriguing, they do not provide a physical explanation for
this effect.

Many groups have suggested that electrostatic interactions between the
ribosome and the nascent chain are responsible for differences between nascent chain
properties and properties of the free protein, but their physical basis still remains
unknown'#?°2' " |s there electrostatic repulsion of negatively charged residues? Our
results demonstrating that DHFR is the most destabilized protein of the three we tested
support this hypothesis (Figure 3.4). It is also possible, however, that positively
charged residues bind to the ribosome and thus favor an extended conformation, thus
destabilizing the nascent chain. This has been observed using NMR for an IgG-like
domain®. Fortunately, our method allows for the rapid determination of RNC stability,
and thus has enabled experiments such as: (1) measuring the stability of RNCs in the
presence of solutes with different Debye lengths (to mitigate or enhance electrostatic
screening) (2) measure the stability of protein variants with vastly different isoelectric
points (3) measuring the stability of proteins attached to inert microspheres with
differentially charged surface-coatings (Figure 5.1). Understanding the physical basis
for changes in RNC biophysical properties has wide-ranging implications for protein
design, folding simulations and understanding ribosome-associated protein quality
control in vivo.

As stated above, a major underlying question in biology is whether protein folding
trajectories are different in vivo, during translation, and in vitro. There are several cases
where it is clear that the folding trajectory has been altered during translation. We
continue to have a dearth of structural information for these folding trajectories: Which
residues form structure when during translation? A powerful technique for
understanding which residues are important in a protein’s folding trajectory is the
calculation of phi-values®*%. Using our new method, it is now possible to calculate phi-
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values of ribosome nascent chains and compare them to those of proteins free in
solution. By measuring the unfolding rates and stabilities of a two-state protein, it is
possible to calculate the folding rate and thus, by extension, phi-values of its variants to
determine residues involved in its folding transition state (Figure 5.2). This would give
us unprecedented insight into the mechanisms that govern folding on the ribosome.
These experiments, however, are still only an approximation of the interplay between
nascent chain folding and translation because they rely on stalled nascent chains rather
than actively translating ribosomes.

5.3 Towards a high-resolution view of HaloTag folding during translation and
refolding

Translation is a complex kinetic process that is dependent on large number of
moving parts and de-convoluting nascent chain folding from the rest of the translational
apparatus remains a challenge. HaloTag, which irreversibly binds ligands that can be
functionalized with a variety of bio-orthogonal molecules, is a potent model system for
studying complex processes that involve heterogeneous combinations of biomolecules.
We have shown that HaloTag folding involves a urea-independent slow-folding phase
that is necessary for ligand binding. Thus, ligand binding can be used as a measure of
protein folding. Since HaloTag’s slow folding phase is slower than translation, it is a
natural system for studying co-translational folding. Suprisingly, HaloTag has several
interesting folding properties, some of which seem to be modulated by translation (see
Chapter 4). We characterized HaloTag folding using both CD and HX-MS and
uncovered that: (1) HaloTag folds through at least one intermediate (2) HaloTag
unfolding may also proceed through an intermediate (3) HaloTag’s refolding efficiency is
dependent on the final urea concentration of the refolding reaction (4) HaloTag folding
during translation is more efficient than during refolding at the same urea concentrations
(5) HaloTag’s folding trajectory is different during translation than it is during refolding.
HaloTag’s folding trajectory during translation, however, is still structurally
uncharacterized. Using both HXMS and cysteine accessibility experiments during
translation, it should be possible to obtain a high-resolution picture of HaloTag’s
conformations as translation proceeds. This is also true of HaloTag’s trajectory towards
aggregate as it refolds in low urea conditions. Using mutagenesis informed by our HX-
MS studies combined with stopped-flow folding kinetics studies, it should be possible to
understand which regions of HaloTag are responsible for aggregation during refolding.
Furthermore, similar types of studies could be done to reveal the structural elements
responsible for HaloTag’s slow kinetic folding phase (Figure 5.3).

Finally, HaloTag is a great system for studying how the translational machinery
itself modulates protein folding and opens a wide array of new experiments. What
happens to folding if translation elongation instead of initiation is rate limiting? How does
codon bias change HaloTag’s folding trajectory? What about ribosome associated
chaperones? HaloTag also is highly multiplexable and, considering its interesting folding
properties, a great candidate for undertaking large screens to find determinants of
protein stability, folding trajectories and aggregation. It is also possible to screen
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libraries of HaloTag mutants in order to find variants that fold faster than translation and
that eliminate HaloTag’s constant folding phase. Furthermore, by generating a split
HaloTag, it should be possible to apply these types of assays to a wide variety of
proteins (Figure 5.4).

5.4 Final Remarks

The holy-grail of protein folding is to predict protein structure, dynamics, and
behavior simply from primary sequence. Here, we have introduced several new
techniques for understanding quantitatively how the protein synthesis machinery might
limit the conformational search of the emerging protein. In the future, | hope these
techniques can be used to uncover general principles of nascent chain folding.
Hopefully these discoveries can be incorporated into folding simulations to extend their
timescale and accuracy. At the same time, the ribosome stands at a major quality
control node in the cell and integrates a multitude of signals from intracellular signals in
order to maintain cellular homeostasis. We have observed just a few ways in which the
ribosome modulates nascent chain folding: (1) it destabilizes nascent chains (2) it
changes both protein folding and unfolding rates and (3) it can drive the folding
trajectory of a protein towards one with greater efficiency (Figure 5.6). There are still
questions remaining, however: How does the ribosome modulate protein stability? What
is the mechanism by which the ribosome can change folding trajectories? Do partially
folded intermediates have longer or shorter lifetimes during translation? | hope that this
dissertation has made a small contribution to both expanding our understanding of
ribosome modulated protein folding and also has made available new techniques for
quantitatively understanding general principles of protein folding.
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5.6 Figures
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Figure 5.1 — New questions that are answerable using pulse proteolysis to probe
RNC stability.
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Figure 5.2 — Determining RNC unfolding kinetics by pulse proteolysis will
comparison of m-values and phi-values on/off the ribosome, shedding new light
on how the ribosome changes protein folding trajectories.
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Figure 5.3 - High-throughput measurement of HaloTag’s protein folding
landscape has the potential to reveal further details of its folding and

aggregation.
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Figure 5.4 — HaloTag can be used in a high-throughput manner to determine
which translation parameters affect protein folding as well as how chaperones
such as trigger factor (blue and red) and GroEL/ES (purple and yellow) change

HaloTag’s folding landscape.
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